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                                                                                       ABSTRACT 

 
A substation contains switching, protection and control equipment and one or more 

transformers. This equipment forms a vital part of a substation which facilitates power 

distribution. The substation provides power for general use by stepping up or down voltage 

to meet the requirements of the end users. Many challenges are currently being experienced 

in substations leading to unreliable power delivery to customers. Some of these challenges’ 

ranges from theft, vandalism, safety issues to compliance with regulations. Though all these 

challenges are worthy of consideration, engineers and researchers often place priority on the 

safe working condition of lightning arresters because when these fail it may lead to 

disruption of the power supply. This thesis discusses the challenges of lightning arrester 

affecting the overall performance of substations. Special attention has been given to the 

various ways of preventing lightning arrester failure and precautions to be taken in advance. 

Also captured in this research is the effect of humidity on the life span of lightning arresters. 

This was studied by conducting laboratory tests and comparing it with the test results. From 

these results conclusions were drawn. The lightning arresters used for both tests were at a 

test temperature of 110 oC for 101 hours and 127 hours for the laboratory. The shape 

parameter and scale parameter were used to determine the failure rate of an arrester for both 

field and laboratory condition. It was observed that the failure rate for field and laboratory 

tests presented shape parameters of 0.31 and 0.30 respectively. The value of 0.31 indicates 

a slightly larger range of lifetime than 0.30. It was observed that the field test samples 

showed a higher failure rate than the laboratory test samples. Also, the slope parameters for 

both cases were observed to be less than one, signifying early-life failures for both tests 

condition as increases. 
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CHAPTER ONE  

                                                                             INTRODUCTION

 

1.1   Background 

Electric power flows from generation plants to consumers through several transmission and 

distribution systems. Substations are considered an essential part of the transmission and 

distribution system as they are used for stepping up and down the voltage level using 

transformers. Substations typically include primary devices such as current transformers 

(CTs), voltage transformers (VTs), electrical cables, reactors, circuit breakers, lightning 

arresters, ground wires and disconnector which are arranged in switchyard or bays [1] [2].  

The substation provides various places points for measuring parameters, enabling 

monitoring, controlling, and securing the geographically widespread power system [3] [4]. 

Substations equipment is prone to challenges are severe weather conditions such as strong 

winds, floods, heavy storms, and lightning strikes. These weather con usually cause 

damages to equipment inside the substation, especially substations located in coastal areas 

because of high humidity as the air absorbs moisture directly from the sea [5] [6]. 

Furthermore, a cyber-security attack is reported as one of the challenges due to the high 

increase in internet and wireless-based usage [7] [8]. In addition to the above challenges, 

short circuit current related to substation expansion is equally a challenge [9] [10] [11]. 

The most common challenge in substations is a high voltage surge that can cause harm to 

insulated equipment inside systems, such as transformers, circuit breakers, reactors, current 

transformers and voltage transformers. These surges can be prevented or reduced by 

installing lightning arresters, which take all the surges down to the earth using bonding 

cables. In addition to this, to ensure that a substation is well protected against surges, proper 

design, selection, installation, and maintenance must be conducted on a lightning arrester. 

Furthermore, failure of lightning arrester must be avoided by conducting condition 

assessment to ensure a safe and reliable substation [1] [3] [14]. 
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1.2 Research Motivation 

Reliability constraints is the primary goal of transmission systems. However, conventional 

and smart substations face many challenges, ranging from theft of installed components, 

aging, and damages caused by lightning strikes. Over the years, a series of research has been 

carried out on how these challenges can be minimized to give consumers maximum 

satisfaction. Substation operation has many challenges the electricity provider's tend to 

experience which are the effect of damages caused by lightning strikes in substations and 

the negative impact of humidity on the aging process of lightning arresters due to moisture 

ingress that has accumulated into the arrester's internal region [15] [16].  

To avoid these damages, each piece of an electrical component in an electrical power system 

needs to be protected from voltage surges (external overvoltage or transient voltages) to 

prevent damage to the systems that work at a specific voltage range. When these devices 

receive a voltage way higher than the rated voltage sufficient for their operation, they tend 

to blow up or get damaged. However, an electrical system protected by a lightning arrester 

does not get damaged, the arrester ensures that the high voltage does not enter the electrical 

system [17] [18] [19]. 

Therefore, surge protection is considered to be essential and critical to a well-designed 

electrical system. Shifting the focus to the protection of substations (high-voltages/medium-

voltages - (HV/MV)), the reliability of operation against atmospheric overvoltage (the most 

dangerous overvoltages induced primarily by thunderstorms with lightning discharge) is a 

critical aspect of any electric components. Therefore, improvement of lightning arrester 

performance is a technical issue of great importance related to the safe, uninterrupted high-

quality power supply [3] [20]. Substation protection design of overvoltage equipment 

involves an accurate determination and selection of the protective device [18] [21]. The 

selection of a reliable protection system is an important decision due to its significant 

monetary investment and reliable operation [22]. 

However, there is a very high probability that these arresters may fail to protect the installed 

electrical components within the substation. These failures may be as a result of improper 

maintenance and condition monitoring of the lightning arresters. Even though frequent 

maintenance monitoring is carried out, there has been a high number of lightning arrester 

failures over the years, which has made it difficult for entities to provide their customers 
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with a reliable service [23] [24] [25]. Further investigation through testing was required to 

determine what could have been the cause of such an increase in the number of lightning 

arrester failures. Samples of failed arresters that had burnt off and have been removed from 

service were bought into a testing laboratory designed to accommodate testing of lightning 

arrester and other electrical equipments, and results indicated that: 

1. If an arrester had failed due to an excessive surge or power follow-on current, the 

value of leakage current increased. Spark gaps (gapped arresters) may have been 

damaged. 

2. Condensation, moisture ingress, and partial breakdown of oil can result in corrosion 

or even contamination of the spark electrode surface if experienced by the arrester's 

internal insulation several times.  

3. A power frequency leakage current test can be utilized to detect any severe internal 

damages on the arrester, so this test is conducted by choosing a voltage below but 

closer to one of the arrester ratings [26] [27]. 

 

The majority of arresters are installed in fields to protect outdoor equipment. porTable field 

tests are required as part of the condition monitoring systems to check the arrester's 

operating condition [21, 27]. Conventionally, it has been an adopted culture that they are 

taken into a laboratory to test and investigate root causes and effects when arresters fail. The 

results from these investigations of failures have indicated that these failures could have 

been mitigated at an earlier stage, and failure could have been avoided. Therefore, premature 

lightning arrester failures or damages on the field can be prevented, and this can be done by 

conducting tests which can view symptoms indicating early detection of the damage by the 

utilization of two porTable field tests; impulse flashover field test and power frequency 

leakage current test [27] [28].  

Lightning arrester failure can be due to many factors such as excess of surge current, thermal 

condition, temporally rise on overvoltage, moisture, ingress, deterioration due to 

contamination, freeze or thaw process, air pumping, low quality sealing that can deteriorate 

gasket material, corrosion, aging of insulation material, improper installation and many 

more other factors not being mentioned. However, lightning surges have been the root cause 

of failure [19] [20] [28]. 
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Furthermore, when a lightning arrester has been installed, humidity rises due to pollution 

caused by salt, dusts and gases that harms the degradation of metal oxide high-voltage surge 

arresters installed in substations. Humidity is a factor determining a lightning arrester's 

aging process wherein cases of under operating voltage can cause an increase in the varistor 

current. This occurrence is likely to cause the metal oxide arrester to fail completely. In the 

field, the humidity can lead to internal discharges due to moisture ingression into the 

arrester's internal region. This moisture ingression is an essential degrading external factor 

that needs to be monitored carefully after years of operation [29] [30]. 

1.3 Research aim 

A voltage surge in a substation results from external or internal surges such as lightning or 

switching and temporary overvoltage. The surges can harm expensive and critical pieces of 

equipment; if not adequately protected, they can further cause explosion and safety 

problems. For surge protection, lightning arresters have been used in substations for over a 

decade in South Africa, Australia, Nigeria and other countries, which has led the researcher 

to look into how best lightning arresters can be maintained to save substation components 

from being damaged from the after effect of surges lightning strikes or switching. The 

researcher has also provided a concrete understanding of how lightning arrester can be 

selected and maintained to accommodate the substation's components' strength and ratings.  

1.4 Research problem statement 

Substation play important role in the power supply system; hence they need to be protected 

and well sustained for power availability. However, substations are faced with lots of 

challenges ranging from cybersecurity, theft and fault current. All these challenges have a 

negative impact on the performance of substation. Additionally, one of the challenges 

substation experiences is the rise in voltage surges due to high number of lightning being 

experienced in the area where the substations are situated, which is in Piet Retief-Vryheid 

(Mpumalanga) in South Africa, and is ranked between 9-14 flashes/km squared per annum 

shown on (Fig.2.2). 
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1.5 Research methodology 
 

For this study, research questionnaires focusing on covering an overview of lightning 

arrester’s performance were identified and discussed. Information to build up these 

questionnaires collected on the field from experienced different groups of employees 

working for different companies based here in South Africa and were summarized into three, 

discussed was details is how companies select, install and maintain lightning arresters. this 

type of research method was selected because it’s a good way obtaining information from a 

group of people without having to directly interview them and allowing the participants to 

state their views without any possible reaction of the researcher. Also, covered in this report 

is the analysis of lightning arrester behavior staged into two different processes. The first 

process was when a lightning arrester is subjected into high temperatures on the field and 

the second was when a lightning arresters is tested at the laboratory. 

Filed test process: During this process, questionnaires to experienced people on the field 

was conducted and results were handed over that were captured on the logbook that is kept 

in a substation, those results were then analyzed and compared to the laboratory results. 

Laboratory test process: During this process lightning arresters were taken into the 

laboratory in Johannesburg, South Africa where maximum temperature of 110°C was 

induced to it insulation. 

1.6 Research questions 

This research paper aims to understand how different utilities protect their substation against 

surges and what procedures they follow to ensure that insulated components are protected 

against surges. The questions below were developed by the researcher to gain factual 

knowledge and understanding of the subject matter. 

1. What is the installation procedure used for lightning arresters, the type being 

installed, and benefits? 

2. What maintenance and testing procedures are carried out on lightning arresters? 

3. What are the selection criteria used to select lightning arresters suiTable for 

substation equipment protection?  [28] [31]. 
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1.7 Research hypotheses 
 

The hypotheses based on the research questions stated above are as follows: 

1. Arresters installed on closer to the components to be protect are more secured from 

the effect of surges entering the substation uninvited. 

2. Conducting condition assessment is one of the most critical aspect that can lead on 

what needs to be maintained before lightning arrester failure. To inspect 

connections, cracks, carbon black spots, clearance and alignment is one of the ways 

to maintain an arrester, keeping it in a good condition. 

3. Coordination with the basic insulation level of the equipment to be protected can be 

achieved 

 

1.8 Structure of the research 

This study is structured as follow: 

Chapter one: introduces the topic by discussing the topic's background and what to expect 

in the report. 

Chapter two: presents a literature review of the different types of surges that attack the 

substation and how lightning arresters protect these systems against these surges. It further 

discusses the installation procedure, types, and selection criteria used when selecting a 

lightning arrester. It also elaborates on the challenges that affect the performance of 

lightning arresters. It gives an overview of the importance of having a lightning arrester as 

protection equipment in a substation. 

Chapter three: This chapter discusses the research aim and objectives guided by the 

researcher's research questions to gain knowledge and understanding of lightning arresters. 

The information noted was taken from the specialist who has been working in the field for 

years on the 29th of May 2020 in Vryheid, South Africa.  

Chapter four: This chapter presents an analysis of the influence of under polluted 

contaminations on the degradation of metal oxide high-voltage surge arresters used in 

substations. It gives detailed information on the adverse effects of moisture ingression into 
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the arrester's internal region. Important parameters have been calculated, analyzed, and 

captured in this chapter. 

Chapter five: presents the study's findings and discusses the results of field findings related 

to lightning arrester usage and testing; it also gives a brief analysis of chapter three findings. 

Chapter six: summaries and concludes the research by providing conclusive insights into 

the study and outlining salient recommendations for future studies regarding this topic. 
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CHAPTER TWO 

                                                                LITERATURE REVIEW

 
2.1 Introduction 
The occurrence of lightning has been revealed as one of the significant causes of loss of 

service in both the transmission and distribution networks. Thus there is an increase of over 

70% in demand for overvoltage protection equipment in South Africa against lightning 

occurrence in power systems due to the rate of failure of the currently installed arresters [4] 

[17] [19]. Also, lightning is one of the sources of surges in an overhead lines and to other 

substation equipment. It is a powerful sudden electrostatic discharge accompanied by 

thunder during a thunderstorm [5]. Lightning strikes, however, are not the only cause of 

severe network voltage surges. Other sources may also lead to transient voltage surges, such 

as surge voltages associated with switching capacitors [3], surge voltages due to the 

equipment insulation's failure, resulting in a short circuit on the distribution network, surge 

voltages associated with the lightning arrester discharge at the other location inside the 

facility [17] [27].  

Substations may be defined as a combination of devices providing switching facilities that 

convert electrical energy from one shape or level to another shape, with lightning arrester 

devices that helps prevent the apparatus from being harmed due to high voltages [10]. 

Lightning arresters provide path to the current resulting from lightning stroke or transient 

voltages with a low impedance path to the ground and then returned to normal operating 

conditions [11]. Also, arresters are primarily used to protect significant equipment like 

transformers, rotating machines, shunt reactors, and even the entire substation [13] [14]. 

2.2 Lightning arrester overview 

Lightning arresters are a shielding device that carries out surges down to the ground; they 

shield electrical devices from direct or indirect strikes by using the electrical triggering 

device to allow passage of surges resulting from strikes. Direct strikes are lightning 

discharge from the cloud to the line's subject equipment; the current path may be over the 

insulator down to the ground. However, indirect strikes originate from the conductors' 

electro-statically induced charges due to cloud presence. The sensor enables the ground mat 
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and earth spikes to accept and surges being experienced by an arrester to earth or ground. 

The housing of an arrester can be either porcelain housing or vandal proofed housing.  

 

 

  

                                   

  Figure 2. 1 Lightning arrester diagram [28]. 

Furthermore, different terms are used interchangeably for lightning arresters by professional 

engineers and electricians, but they do not mean the same thing in practice. Such terms are 

Surge suppressor, Surge arrester, and lightning rod [31] [32]. 

2.2.1 Surge arresters 

The surge arrester is a device used to shield electrical installations and other components 

from electrical surges and transient voltages triggered by electrical faults, switches, short 

circuits, sparks and lightning. Inside the panels, surge arresters are mounted in tap-off 

configuration between live and earth conductors to suppress the surges [33] [34]. The most 

popular surge arrester is a nonlinear metal oxide (ZnO-based resistor and silicon carbide 

type) in a porcelain or silicone rubber housing and is installed in parallel to the designed 

circuit to protect it from surges and connected to the earth grid [35] [36]. 

2.2.2 Surge Suppressor 

Surge suppressor also known as a transient suppressor, a surge protector is mounted on the 

home panel board to protect the electrical surges and voltage spikes known as transients 
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from connected circuits. The difference between surge suppressor and lightning arrester is 

that a surge suppressor has low voltage rating with low energy dissipation capability while 

lightning arrester has high voltage ratings than the rated voltage with greater energy 

dissipation ability without affecting the insulation [26] [34]. 

2.2.3 Lightning Rod 

A lightning rod is a metal rod mounted on top of the iron bar device or a building to protect 

it from direct lightning strikes (copper or aluminum, or other conducting materials). When 

lightning strikes the voltage will rise to a dangerous level of electrostatic discharge between 

clouds and earth reach power lines directly, potentially damaging the electrical installation 

and equipment [35] [36]. A lightning rod is therefore used to shield electrical systems or 

machines in side buildings from the direct impact of lightning strokes [37]. 

2.3 Surge arrester versus lightning arrester 

The most commonly used term in place of the lightning arrester is the surge arrester, which 

differs from the lightning arrester in the following ways. Inside the panel board, surge 

arresters are mounted, while lightning arresters are mounted outside the panel board. The 

surge arrester protects the equipment from the inside panel room, while the lightning arrester 

protects the equipment inside the substation as a whole [34]. The surge arrester is commonly 

used to protects equipments against lightning, switching surges, electrical and other errors 

such as transient voltage and surges from damaging the devices on a system, whereas the 

lightning arrester is primarily used for lightning strikes and any other surges, it ability of 

protection against any other surges is not the main reason why most companies install 

lightning arrester on their substation but lightning is [35] [37]. The surge arrester intercepts 

the spikes and transfers the unnecessary extra energy to the ground wire while the lightning 

arrester diverts the surge of energy to the ground through the arrester, also, lightning arrester 

cannot be used as a surge arrester [37] [38]. 

2.4 Lightning arrester principle and function 

A lightning arrester is device on electrical power or telecommunication system which, when 

the system detects a huge voltage spike, diverts power to the ground. Such devices are 

designed to operate somewhere down the line with a direct lightning strike or an intense 

surge from a fault. At each substation, multiple lightning arresters are needed as each 
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transformer and piece of switching equipment such as disconnector and bus bars needs to 

be secured. There are many kinds of arresters for lightning, such as forms of expulsion and 

valves. Note that large substation circuit breakers and lightning arresters look similar; both 

are tall ceramic tubes [26] [28].  

Lightning arrester connection has one of its side connected to live (line) and the other to 

side to earth ground. This enables the line to ground faults to be discharged to the ground 

when an arrester experiences high or excessive overvoltage. When an arrester experiences 

surge voltages, surge current is discharged immediately to the ground terminals on an 

excellent condition arrester. Hence, substations must be well-grounded, with a ground 

system of equipment connected together using ground wires for proper surge discharge [39] 

[40]. 

The primary role of a surge arrester/lightning arrester has remained unchanged. Lightning 

arresters help prevents system damage due to high voltages; this is enabled by creating a 

low path impedance to the ground for lightning strike current or any other transient voltages 

and restores it to its usual working conditions. Surge currents are discharged to the 

grounding terminal when lightning discharges through an arrester. The safety of substations 

and overhead with well-grounded bonded wires are very crucial for safety purposes of 

employees or visitors. It is also important to bond the ground system between pieces of 

equipment. [17] [32] [33]. 

2.5 The importance of a ground lead disconnector and ground lead on an 

arrester. 
 

2.5.1 Ground lead disconnector 

A disconnecting device must be provided following IEC 60099-4 in case the lightning 

arrester fails, and the ground lead disconnector must be able to disconnect from the earth 

tail in order to isolate the arrester electrically from the system and to give a visible indication 

of the failure that may have occurred [18]. 

 

The GLD external housing must be UV sTable, and precautions must be taken to ensure that 

it does not deteriorate in service as a result of being exposed to the environment, 

permanently sealed to prevent moisture ingress, and its full operation is only required once 
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an arrester has failed. An arrester's withstanding capability must correlate with the 

withstanding capability of its GLD for proper isolation of an arrester with causing any 

further damages on it when it has failed and is required to be changed and for a new one to 

be installed easily on the same point where the removed arrester was installed [23].  

 

2.5.2 Ground lead  

Arresters must be supplied with flexible ground leads attached to the earth terminal. In most 

cases, the braided types of ground leads are preferred. The GL must be flexible in such a 

way that it allows the GLD to operate correctly and can be able to isolate the arrester 

permanently from the ground [32]. 

 

2.6 Lightning arrester selection procedures 

The appropriate selection and application of an arrester requires accurate and precise 

decisions. When selecting a lightning arrester, the aim is to select an arrester with the lower 

ratings for proper and reliable overall protection of the equipment insulation and power 

system in protection. Selecting an arrester with higher ratings has high chances of allowing 

surges to pass through the equipments that needs to be protected without causing any 

damages [41] [42].  

The proper selection and application of an arrester on a system are based on: 

2.6.1 Selection of lightning arrester voltage ratings 

This requires proper selection the grounding system for both high grounded resistance 

(mostly used found in low voltage system, meaning certain resistance has been 

internationally put between neutral and ground) and low ground resistance (normally found 

on medium or high voltage systems to limit ground return current to a high level) of where 

an arrester will be installed. This means considering the full continuous path to ground 

voltages that can occur at any given time and determining the ratings that are not expected 

to be surpassed. In short, the arrester rating depends on the manner of the system ground 

[41] [42]. The peak continuous operating voltage rating of the selected arrester must be 

greater than or equal to the maximum condition voltage which varies depending on the 

ratings of an arrester in question. 
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2.6.2 Selection of lightning arrester class 

The class of lightning arresters to be considered depends on the value and the importance 

of the secured equipment. There are four different types of classes. 

Station class - This type of arresters is commonly used to protect against high line switching 

overvoltage and high fault currents. It is usually used by utilities owning substations, 

electrical power stations, and any other high voltage systems. Hence, the reason it ranges of 

protection is equipment above 20 MVA ratings and can be used for ratings below five MVA. 

Intermediate class - This type of is intended to provide complete protection for power in the 

medium voltage class systems such as substations, transformers, Virtual Retinal Display 

(VRD) cables, and any other substation equipment. It is designed to protect equipment 

ranging strictly between 1 MVA to 20 MVA.  

Distribution class - Mostly found on transformers (dry-type and liquid-filled type) with 

rating ranging from the upper limits of 1000 kVA or less, also it found exposed line having 

direct connect rotating machines. 

Secondary class - Planned to shield residences and companies against lightning strikes and 

electrical power supply companies, ranges from 380 V or less [42] [43]. 

Selection of physical location for an arrester to be installed - On the location selected, 

lightning arresters must be installed directly at the terminals of the equipment it is 

protecting; the location should be adequately grounded and so that the arrester enables surge 

voltages to be discharged through it instead of the equipment being protected [44]. 

To ensure proper protection of substation against lightning surges, a high insulation level is 

required, proper installation of earth mat and additional earth spikes if required, especially 

for places with high soil resistivity. The following parameters should be considered when 

designing an arrester; the lightning strike's location, the geometric features of the external 

lightning defense device, the grounding resistance, and the basic insulation level (BIL) are 

all parameters that affect the lightning impact strength. When installing an arrester, it must 

be close as possible to the transformer to protect it [44] [45]. 
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2.7 Causes of lightning arrester failure  

The capacitors in a circuit can be easily interrupted by unsTable voltages when a circuit 

switches on and off, causing restrike to disturb the capacitor circuit current. Resulting from 

the restrike might be a steep front voltage execution that may be high enough to cause 

damages on a rotating machine applied at the same voltage [41] [42].  

Restrike can cause a voltage surge to a neutral crest value over three times the standard line. 

The wave-front severity and steepness are not as extreme as that of lightning strikes, which 

can cause damages. Alternatively, weaken the winding of other equipment that does not 

have a higher basic impulse insulation level rating. [43]. 

2.8 Lightning arrester and ratings selection. 

Under regular operation in a substation, the lightning arrester is continuously exposed and 

continually experiencing power system operating voltages. This is why it is critical that for 

every arrester rating, a suggested limit to the voltage magnitude that can be continuously 

applied on it be known, and this voltage is called maximum continuous operating voltage 

(MCOV) [41] [42] [43].  

Temporary overvoltage (TOV) - TOV ratings should be considered during the selection 

procedure. TOVs results from numerous events such as switching, line to ground faults, 

load rejection, loss of neutral, and Ferro resonance, but mostly temporary overvoltage are 

caused by earth faults. Reduction from earth faults can be obtained by effective earthling of 

the neutral and ensuring it is done correctly and not loose. Effectiveness of earthling is 

assured when the system is appropriately and well-grounded, meaning all structures, 

terminals, and earth wires are connected to the system's earth mat [45] [46].  

Basic level insulation (BIL) - lightning arresters are chosen in accordance with typical 

overvoltage electrical equipment isolation. This arrangement is based on an arrester’s option 

that discharges at a lower voltage level than the voltage needed to crack the insulation [47].  

2.9 Lightning arrester advantages and disadvantages 

An arrester can behave both like an insulator or a conductor, depending on the amount of 

current it is experiencing. For instance, when a small amount of current with power 
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frequency voltages ranging between 50 Hz to 60 Hz, it will behave like a conductor. 

However, when a large amount of current with frequency voltages between the ranges 

(KHz-MHz) is injected into it, it becomes highly conductive, enabling an arrester to 

consume current and transfer high energy to the ground overcurrent. [48] [49]. During this 

process, the good thing is that the across its terminals, voltage decreases low enough to 

shield the insulation of equipment present in the power system from overvoltage and high 

energy overcurrent [39]. 

Lightning arresters are also best known for their excellent performance when it comes to 

lightning protection they detect presence of electrostatic in the atmosphere [22] [31]. A 

damaged arrester that is not detected at an early stage and not removed on the substation 

may lead to power outages at some of overcurrent may disturb the operation of circuit 

breakers and relays that may lead to tripping of the entire system while not causing any 

further harm to the power system [32] [37]. 

Moreover, the majority of lightning arresters are designed with a cooling system of 60 

degrees Celsius after experiencing heat from high lightning surges, and the cooling period 

for it to be able to handle the next high surge current which usually takes up to an hour (60 

s – 74 s). With such a high cooling period, lightning surges can occur at any time, leading 

to explosions as the transformer will be unprotected and experience high current surges. 

Additionally, the prolonging of high energy exposure on an arrester may lead to explosion 

[33] [36]. 

2.10 Lightning arrester types 

Lightning arresters are typically categorized into various groups. The design of lightning 

arresters differs according to their form, but the operating principle remains unchanged. This 

provides a low path of resistance to ground for the surges. The following are the types: 

1. Rod-gap arresters  

2. Sphere gap lightning arresters 

3. Horn gap arresters 

4. Multi gap arresters  

5. Impulse protective gap arresters 

6. Spike Rod arresters 
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7. Valve type of lightning arresters 

8. Pellet lightning arresters 

9. Metal oxide lightning arresters 

10. Line arresters 

[50] [51]. 

2.10.1 Horn Gap Arresters 

In a horn-shaped type, this arrester has two metal rods, as the name suggests These metal 

rods may technically be installed around a small air gap to position these metal rods. The 

distance between these two rods can also be increased as they extend from the gap. On 

ceramic isolators, the metal rods are located. By connecting it to two separate wires, the 

horn connection can be made. The other side of the horn can be connected through resistance 

and choke coil to the line, while the second part is efficiently grounded. The resistance 

restricts the movement of the present to a minute value. At the standard power frequency, 

the choke coil provides less reactance and provides high transient frequency reactance. 

Therefore, the choke coil does not allow the transients in the apparatus to be secured. It is 

possible to adjust the distance between the horns so that the average supply voltage is not 

enough to trigger an arc [18] [27]. 

                        

  Figure 2. 2: Horn gap type of arrester [46] 

 

2.10.2 Multi Gap Arresters 

These arresters are designed with a series of metal cylinders isolated through air gaps and 

disconnected from each other. The main cylinder is linked to the electrical grid in the 
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cylinder sequence, while the remaining cylinders are connected to the field by a series of 

resistors. There is a shunt resistance between each of the lengths between the next cylinders 

that detects a surge when there is a surplus voltage [44] [47]. 

           

                     

     Figure 2. 3: Multi gap type of arrester [48] 

 

2.10.3 Valve-Type Arresters 

For electrical systems that are high-powered, these types of arresters apply. Two key 

components, such as a sequence of spark gaps and a series of nonlinear resistor disks, are 

used in these devices [9]. Whenever an intense voltage causes the spark gaps to stroke and 

the nonlinear resisters keep the voltage inside, these devices' work can be completed, 

whenever the surge of surplus power stops, the resistors can push the spark gaps separately 

[48] [51]. 

2.10.4 Pellet-Type of lightning arresters 

Glass tubes that are loaded with lead pellets can be used to design these arresters. These are 

completed by coating lead oxide from the inside of the lead peroxide. Lead oxide is not 

powerfully conductive inside the lead peroxide. It transforms into lead peroxide until the 

lead oxide is heated up and provides the current flow. Whenever the current flow is 

transmitted, the lead peroxide will transition to lead oxide in reverse. This form of an arrester 

is not regularly used [46]. 
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  Figure 2. 4: Pellet type of arrester [51] 

 

2.10.5 The metal oxide varistor (MOV) 

This type of arrester is a nonlinear system resistance, with voltage that can rise to a very 

high exponent by the current through the MOV. The MOV conducts only a tiny current 

under typical operating voltages, in the order of micro-amps. This current has no 

significance for the device, but because of this current, it has significance for the arrester, 

causing heating. The maximum continuous operating voltage is one of the leading rating 

parameters of an arrester, and this refers to the permitted steady-state increase in temperature 

of the arrester [36] [40] [49]. 

2.10.6 Metal oxide surge arresters (MOSA) 

MOSAs are typically used to protect a power system's insulation or part of it from excessive 

stress due to overvoltage. In terms of heat, metal oxide elements are capable of dissipating 

energy from transient over-voltage. For lightning arresters, there are plenty of designs in 

place. For insulation coordination, arrester position, and energy absorption studies, adequate 

modeling of their dynamic characteristics is crucial. In addition, these arresters on several 

devices are replacing silicon carbide arresters [36] [50]. 

2.10.7 The Metal Oxide (MO) lightning arresters 

MO surge arrester also provides shunt-capacitor banks with greater security than were 

affordable. A shunt-capacitor bank is a high-energy storage system that, when the arrester 

runs, discharges energy through the surge arrester. When air-break switches are used, MO 

surge arresters display superior efficiency. Silicon-carbide-gapped silicon carbide-gapped 

arresters are considered to fail due to various air-break switch restrictions. They are often 
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dependent devices, too. In other words, the voltage around the arrester is a function of the 

increasing rate and the magnitude of the arrester's current. [31] [41]. 

If any, the MO arresters perform a little; power follows current and can tolerate continuous 

spark over’s with far less risk of damage. In polluted areas, the accumulation of pollutants 

on the surge arrester's housing can cause voltage imbalances on the gap structure of the 

silicon-carbide surge arrester. If this imbalance becomes too significant, a breakdown of the 

gap circuit may occur, leading to the arrester's failure. [36].  

2.10.8 Transmission line surge arrester 

Transmission line surge arresters are installed or found on protected lines where the 

resistance of the tower footing is high, and mostly the area being prone to lightning and 

lower footing resistance are not practical [41] [44]. 

1. Non-gapped line arresters  

This type of line arresters offer a high degree of mounting flexibility and operational 

reliability. In addition to this, due to their high absorption capacity, they provide a very high 

degree of defense against lightning-induced surges and network generated switching 

impulses current overvoltage [49] [50]. 

2. External gapped arresters 

This type of line arresters has a spark gap with a galvanic material that isolates the active 

part of the arrester from the voltage of the line under normal conditions. The sparks that 

rises in the event of lightning, and the surge is safely discharged to the ground. EGLA 

prevents all insulator flashover caused by lightning strikes. As such, EGLA increases 

network stability as well as the availability of the overhead line. Additional benefits of 

EGLA is that there is no leakage current because the series gap disconnects the active part 

of the EGLA from system voltage [37] [51] [52]. 

2.11 Lightning arrester maintenance and condition based maintenance  

Maintenance and testing are crucial and must be managed for lightning safety systems. For 

all lightning protection systems, the inspection and maintenance routine should therefore 

also be identified. The extent of maintenance work to be done relies on the following: 

1. Weather-related quality loss and environmental factors. 
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2. Impact of a direct lightning strike that leads to potential damage 

 [21] [23]. 

It is necessary to schedule a maintenance routine; this enhances the comparison between the 

current and earlier maintenance results. For later inspection, these values may also be used 

for comparison. The following steps should be included in the routine maintenance of all 

conductors and components of lightning protection systems. 

1. Measuring the consistency of lightning protection system installations. 

2. The earth resistance test of earth termination system. 

3. Visual examination of all surge protection systems to detect if they have been 

compromised or triggered. 

4. Repair circuits and conductors. 

After additional installation or alteration of the structure, inspection to assess the lightning 

defense system's efficacy remains unchanged [53] [54] [55]. 

Condition-based maintenance - with new technology's exponential growth, maintenance in 

many industries plays a more critical role. Reliability and maintenance are some of the most 

important problems in some sectors, such as the electric power industry, because a tiny 

failure can lead to immeasurable damage, even a fatal catastrophe. Researchers have been 

paying closer attention to maintenance and reliability studies in recent decades. 

Maintenance is characterized as all activities intended to maintain or restore an item to the 

physical state deemed appropriate for the performance of its manufacturing function [1] [2] 

[7]. Breakdown maintenance, also called corrective maintenance, reactive maintenance, and 

unplanned maintenance, is the standard type of maintenance. It is restricted to failure-

induced repair behavior or object replacement. Early maintenance is primarily reactive, as 

it only responds to faults or failures. Time-based preventive maintenance is a newer 

maintenance strategy (also called planned maintenance). Instead of only responding to 

failures, constructive maintenance sets plan to inspect or conduct preventive maintenance 

[56] [57]. 

. 

A preventive replacement system based on a constant interval is a time-based preventive 

maintenance process in which defect replacements are performed instant after failures occur, 

and preventive replacements are performed regularly. The age-based substitution process, 

in which replacements preventative measures are carried out when the part reaches a pre-
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specified age, is another time-based preventive maintenance method, and the challenge of 

optimization is finding the optimum preventive replacement age. Compared to early 

maintenance methods, the time-based maintenance approach is advancement; however, it 

also enhances and increases the cost of preventive maintenance. Preventive maintenance 

costs have ultimately become for many utilities, a heavy financial pressure. More reliable 

maintenance techniques, such as condition-based maintenance (CBM), are also being 

implemented to overcome high preventive maintenance costs and avoid unexpected failures 

at the same time [58] [59]. 

 

The CBM is a maintenance process that uses the information collected from condition 

monitoring to determine maintenance actions. It is based on the awareness that a piece of 

machinery [5]. CBM tries to prevent needless maintenance activities Only when there is 

evidence that the failure is approaching through performing maintenance steps. CBM has 

been widely used in many areas, including the aerospace industry, the coal industry, the oil 

industry, and the power generation industry. In order to make maintenance choices, CBM 

will use data obtained from substation condition tracking, electrical analysis, mechanical 

analysis, environmental conditions. The electrical analysis is made up of leakage current, 

partial discharge, waveform analysis of substation equipment such as transformers, circuit 

breakers, lightning arresters, etc. In the CBM process, there are three essential steps: data 

collection, data processing, and decision-making for maintenance, as shown in Figure 1. 

The phase of data collection is to collect data related to system health information. 

Processing and analyzing the acquired data is the data processing stage. Successful 

maintenance policies will be collected based on the evaluated data in the maintenance 

decision-making process [1] [19] [24]. 

 

2.12 The most common lightning arrester failures 

A damaged lightning arrester will lose its characteristics as an insulator under power 

frequency conditions allowing current to flow through it. However, some damaged arresters 

cannot allow the flow of current after occurrence of short circuit or fault tripping depending 

on the nature of failure at that instant. Moreover, sustained high energy exposure on an 

arrester may further harm it, resulting in an explosion. [32] [33] [35]. 
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Failure of an arrester can be due to various reasons, and different companies in Shanghai, 

China and South Africa are experiencing a large number of failures; studies have shown that 

moisture ingress can be the root cause of some lightning arrester failures. This was proven 

by a cross-functional/executive team formed to do fault finding or root cause analysis for 

nineteen arresters that had failed in Tennessee in the USA. The team had compared 

information from both digital fault recorder (DFR) which was installed on lightning arrester 

to record every event and physical evidence from the arresters itself; the DFR had shown 

that arresters had flashed over the internal cavity. But based on physical information that 

was obtained from available arresters, it had shown that moisture ingress was likely the 

cause of these lightning arrester failure, and therefore it was concluded that the failure was 

due to improper sealing of arresters during unit manufacturing [48] [49]. 

Different types of lightning arresters are designed with a removable tail disconnector for 

instances when an arrester is damaged or had failed, an arrester can be disconnected from 

the system. Some arresters are designed with tails disconnector that are not removable and 

in a case of a damage arrester, it can cause fake transient, consequently tripping the 

protection system. However, there are scenarios where the disconnector tail fails to function 

as expected, and with such results, it becomes difficult to detect failed arresters installed on 

the system [35] [43]. 

Some companies were experiencing a significant number of lightning arrester failures. Upon 

investigation, it was discovered that it was due to a change of transformer configuration 

initially connected 'line to neutral' and changed into 'line to line' to reduce and eliminate 

interferences from the antenna that provides signals from. The line to line configuration on 

the transformer was susceptible to Ferro resonance overvoltage; this was concluded by 

analyzing the type of lines used that had enough shunting capacitors to cause damages to 

the system. It was further discussed that when one phase becomes open, an overvoltage rise 

was experienced, resulting in a blow of fuses and single-phase breakers [38] [39]. 

An arrester experience surges when a rise from lightning or switching transient is induced 

on it.  A lightning stroke carries a high voltage, and when directed to an overhead line, it 

can cause overvoltage just by one direct stroke or even worse, since lightning, by raising the 

ground potential of that power system in place always chooses a path with a lower 

impedance, in this case, it becomes impossible with the high ground impedance taking place. 
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If not limited by insulation flashovers, the light voltages induced by a direct strike may be 

as much as 1 MV or greater. [3] [4] [38]. 

Apart from direct surge, there is a different form of surge called an induced surge. Lightning 

does not hit the relevant electrical system; however, during the lightning discharge process 

on the clouds, a surge is formed. A bond of charges is released, rapidly neutralize with 

charges on the sphere- forming a lightning channel that can strike away from the electricity 

system to a point [4] [28]. from the ground. And effect of high flash density in an area can 

cause or lead to lightning striking in one point repeatedly. 

 

South African weather service (SAWS) on 2005 installed lightning detection sensors that 

will detect the lightning stroke's time and location in real-time using the state-of-the-art 

magnetic direction finding and time of arrival methods. Substations with to high flash 

density are more prone to lightning; hence, they require attention and powerful protection 

against it [11] [13]. Table 2.1 categories the different ground flash densities. 

 

Table 2. 1:  Ground flash density categories [11] 

            Ground lashes/𝑘𝑘𝑘𝑘2/annum                        Categories 

0-3 Very low ground flash density 

3-6 Low ground flash density 

6-9 Average ground flash density 

9-10 High ground flash density 

10-12 Very high ground flash density 

12-14 Extremely high ground flash density 

 

                            

Fig.2.2 below shows the effect of flash density around South Africa. The provinces which 

are mostly affected are Mpumalanga, KwaZulu-Natal, and Free State. The substations 

around these provinces need more attention and protection against lightning surges as the 

flash density is high and can cause safety issues and damages to insulated equipment inside 

the substation. Installation of lightning arresters can have a significant impact in protecting 

this critical insulated equipment. 
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                                         Figure 2. 5: Flash density [11] 

According to the International Standard's basic guidelines ISO 14 000 environmental 

management, installation of a protection system for any environmental changes assures 

limited contribution of overvoltage produced and reducing the expected lightning defects. 

The specification of a device for lightning protection has to consider the stochastic existence 

of external overvoltage phenomena and a substation's various techno-economic influences 

and constraints. The location of the lightning strike, the geometric properties of the external 

lightning defense system, the grounding resistance, and the basic insulation level (BIL) are 

parameters that affect the intensity of the lightning impact.  

 

Moreover, whether or not surge arresters are installed at different substation positions. It has 

a decisive impact on the magnitude of the overvoltage produced and, consequently, on the 

expected outage rate. [9] [10]. The safety of substations against the deleterious effects of 

lightning can be accomplished using the highest levels of insulation, taking account of the 

financial expense, or installing overhead ground cables to intercept lightning flashes [11] 

[13]. Implementation of gapless surge arresters with metal oxide can also improve the 

installation's lightning efficiency, especially in regions with high soil resistivity 

 

2.13 Placement of lightning arrester 
 

The most vulnerable point is always the transformer or reactor HV windings. You therefore 

try and protect the vulnerable point. Therefore, the placement of surge arresters depends on 

the needs of the equipment. The basic rule for the placement of surge arresters is to locate 



25 
 

them as close as possible to the equipment to be protected. In a substation line, feeder 

equipment is protected by surge arresters placed at the substation and causing damage to 

equipment. Substations have overhead screening as well as lightning arresters. Equipment 

situated in substations is also protected by overhead earth wires fitted to the substation steel 

structures' tops. This is referred to as screening, and the purpose is to conduct lightning 

strikes away from the substation equipment and down to earth.  

 

Generally, lightning arresters absorbs and accumulates energy from the various electric 

fields and, by triggering the charge from the top tip of the arrester, eventually ionizes the 

ambient air. An upward leader comes into being with the increase the ion's strength, 

encountering the downward leader of the storm cloud. Some lightning arresters are 

nonlinear and some are gapless types of arresters. By adding these resistors and series gaps, 

the different ratings of arresters are constructed. The number of resistor-gap modules is a 

function of each and the desired final rating's incremental voltage rating. On the smallest 

module intended to be used in the final design, all of the necessary design work on lightning 

arresters is completed. 

 

The designer must, therefore, make certain assumptions about the module voltage rating at 

the outset. A compromise based on dimensional and economic factors is this presumed or 

desirable module voltage rating. The resistor must usually be of a given diameter, and its 

height is a function of the thermal requirements imposed upon it by the different application 

conditions. At defined currents, the resulting protective or discharge voltages then decide if 

the basic design is correct. 

 

On the other hand, at an assumed module voltage ratings of an arrester gap are supposed to 

work correctly. The amount of current it must interrupt is calculated, in part, by the 

characteristics of the resistor just discussed, and also by the features of the gap in a current-

limiting gap arrester. If it is found that the gap is not capable of clearing a sufficient margin 

of the fault current permitted by the arrester, then it would be necessary to decrease the 

combination's voltage level, which would, of course, increase the number of modules used 

in the final design for a given voltage rating. 

 

Lightning is destructive in nature. Often when not properly secured, it results in insulation 

failure, shattering of insulators, or burnout of power equipment, particularly in outdoor 
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substations. Its undesirable effect on personnel and even properties are valued at millions of 

hard currencies is enormous. Experts from the electricity industry estimate that an average 

of 30-40% of all outages are connected to lightning-related events [9] [12]. This occurrence 

underlines a detailed study of the activity of lightning in power distribution networks. The 

lightning arrester is the most widely used system for the safety of the equipment in the 

substations and is linked between the line and the earth, i.e., parallel to the equipment to be 

protected [9]. 

An ideal lightning arrester should have the following characteristics;  

1. No current should be drawn during normal operating conditions, i.e., and the sparks-over 

voltage must be above the usual or abnormal power frequency that may occur in the 

system. 

2. To provide a conducting path to the field, any transient abnormal voltage above the 

breakdown value must cause it to break down as quickly as possible. 

3. When the breakdown has occurred, resulting discharge current is carried out and the 

transient voltage falls below the breakdown value, the transient voltage through it 

exceeding the breakdown value. 

4. Once the transient voltage has fallen below the breakdown value, the transient voltage 

increases. 

5. The current of the power frequency following the breakdown must be interrupted.  

There are many types of lightning arresters being used to protect the power grid. The 

lightning arrester options depend on the voltage and frequency, cost, weather condition, and 

reliability of the line. 

The damage to the substation equipment caused by the moving wave as follows: 

1. In the internal winding, the surge's high peak or crest voltage may cause flashover, thereby 

spoiling the winding insulation. 

2. The steep wave-fronts of the surges may cause an external flashover between the terminals 

of the transformer. 

3. The highest peak voltage of the surge may cause external flashover between the terminals 

of the electrical equipment, resulting in damage to the insulator. 
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Transmission lines are usually protected with overhead ground wires; this allows lightning 

strokes directed to the line to be immediately terminated down to the ground where the 

ground impedance is way much lower than the overhead lines as a protection system. 

transmission line surge arresters are often mounted on shielded lines where the 

resistance/impedance of the tower footing is higher and where it is not possible to have 

standard means of lower tower footing resistance. Such an installation phase is because there 

is a high possibility of insulation failure with a high footing resistance, thus following back 

flashovers. Furthermore, damaging the failure of shielding, which can contribute to 

insulation flashovers [43] [44] [46]. 

Incidents that are caused by lightning strokes on a transmission line plays a significant 

impact on the interruption of power supply. Transient and overvoltage experienced by the 

line due to the strokes can further cause damages to electrical and electronic equipment, 

leading to the breakdown of other critical equipment being fed by the line [44]. 

Entities have been experiencing such failure and failures due to lightning strokes, causing 

damages and equipment failure on their system. For instance, a case of a damaged lightning 

arrester was reported at the coast of the Sea of Japan (one of the entities owning a power 

system) lightning strokes with a huge amount of energy during winter seasons compared to 

one of the installed arresters were absorbed by it further causing damages on it. An 

investigation was held, and upon it, a conclusion was drawn to say failures of these arresters 

were due to lightning strikes which were said that they had a large amount of energy in 

winter, which is classified as winter lightning, taking note that not only arresters were 

damaged by this lightning and efficient countermeasure were damaged as well [46] [47]. 

Further observations from the investigations indicated that the liquid crystal camera that was 

used to conduct the investigation showed that when a strike occurred unto the structure and 

part of the lightning current flowed from the struck point through a service wire into the 

distribution line; which was concluded to be a lightning backflow current [27] [32]. 

The installation intervals of arresters play a significant role in protecting or damaging the 

distribution lines from lightning induced voltages. A shorter interval of a surge arrester 

installation was designed to protect the lightning-induced voltage distribution lines and 

arresters are not affected by it; it can also shield distribution lines from direct lightning 

strikes. [38] [41]. 
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An arrester must endure the constant power-frequency voltage that it is meant to operate 

with. In the form of a current, it must discharge any transient energy from the device, thus 

preventing excessive voltage in the system. It must function in the same atmosphere as the 

equipment being secured. The capability of Temporary Overvoltage (TOV) shows the 

permissible overvoltage and length that an arrester can withstand without injury. 

Many utilities use the monitoring of total leakage current of electricity (capacitive and 

resistive currents). To measure the leakage current of the surge arrester, the leakage current 

electricity sensors were used. However, as the total leakage current, which is merely 

capacitive, does not precisely mean the surge arrester's health, it is believed that this 

approach is not the foolproof method. Once the surge arrester has been blasted, there are 

problems even though the overall current leakage value was lower than the manufacturers' 

maximum. 

 

The current in a lightning strike is likely to be in the 2-200kA range, so an efficient 

functional device is necessary to ensure asset security. The majority of structures use the 

BS6651 standard to report their design, testing, and maintenance works related to lightning 

protection. A "competent person" should conduct inspections to search for contractors with 

third-party accreditation of their ability to build and report on lightning protection systems 

as a good rule of thumb.  

Significant parts of the lightning defense scheme likely are obscured or inaccessible after 

completion, it is crucial, and indeed appropriate, for the code to inspect every aspect of the 

lightning protection system during the construction phases of the installation. Any part of 

the device that will mask concealment upon completion must be given special attention. For 

aesthetic reasons, such elements can conceal, or the element would be required for the 

structure. Inspections should be carried out during the installation process, but also at regular 

intervals and upon completion. 

2.12.1 Moisture leakage and contaminations  

It can be challenging for certain arresters to distinguish whether weather moisture or partial 

discharge from the cavity, such as MOV type, is made up of block stack. Deciding whether 

moisture is the cause of failure becomes difficult as the arrester needs to be taken to the 

laboratory for proof indicating a gap for moisture ingress, showing signs of rusted metals 

that could only occur due to moisture [19] [27]. 
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2.12.2 Excessive magnitude and duration of lightning surge  

If the area is prone to lightning, there must be an assurance of a higher energy absorption to 

ensure that the arrester will not be damaged for the arrester to be installed. 

  

 Figure 2. 6: Lightning arrester: (a) burnt off and [29] (b) rusted [40] 

2.14 Ways of protecting the surge arrester 

Lightning arresters are an integral part of the insulation coordination design of the power 

system; hence are required to be reliable and available under the sTable condition and 

transient conditions. Furthermore, a power system with lightning arresters that have been in 

service for several years is still expected to have quality insulation to protect against any 

surges. For the arresters, an apparatus insulator's strength is coordinated with the arrester's 

protective level. The life span of lightning arresters is assessed by maintaining and ensuring 

it reliability in the field, by performing condition testing and maintain apparatus insulation 

throughout its service life [21] [25] [31]. 

The maximum stress that must be withstood by the equipment should also be below the 

basic insulation level given by the standard document of that particular arrester. 

Atmospheric conditions, environmental service equipment, and several other variables are 

considered when designing the thickness of the insulation. Coordination of insulation is the 

method of selecting the dielectric strength of the devices associated with the voltages that 

may occur on the system for which the system is intended, taking into account the service 

environment and the characteristics of the protective devices available. Methods to ensure 

proper protection for an arrester; such as tests at the laboratory to reveal the performance of 

the arrester, must be done, and also the protection of the arrester concerning switching surge 

stress is critically viewed before any installation takes place [32] [36]. 
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To protect your arrester's condition, monitoring should be conducted for the resistive 

leakage current to determine if the insulation has been exposed to moisture ingress since the 

presence of high leakage current is a result of it. Conventionally this monitoring process 

was considered ineffective since high risks resulting from human error were detected when 

taking measures, errors and measurements misinterpretation were pointed, and this cost 

companies fortunes as some were replacing the arresters thinking that they are close to 

failure. The new method of conducting resistive leakage current uses an online monitoring 

system that is considered more accurate and cost-effective. The measurement result 

obtained for the leakage current test is directly proportional to the applied voltage and the 

surrounding temperature [50] [51]. 

The aging or degradation of an arrester can increase the resistive component of the leakage 

current. There are two groups of measuring procedures used on lightning arresters: 

Online measurements –In a typical operation, the arrester is connected to the device and 

energized with the service voltage. For practical and safety reasons, the leakage current is 

usually measured on an arrester's earthed terminal ends. The arrester must be fitted with an 

insulated earth terminal to allow leakage current measurements that flow through the earth 

connection. The disadvantages of this measurement is that possibility of electrocution is 

high if employees are negligent or during human error. The advantages of this measurements 

are that safety precautions are implemented and are in place to protect employees. 

Offline measurements - The arrester is removed and energized with a different source of 

voltage from the device. This type of measurement voltage sources that are AC/DC power 

systems can be used, and good accuracy can be attained by using them if adequate test 

voltage is available to be used [50] [51]. The advantage of this measurement is that it is safe 

and very result are mostly 98% accurate during testing. 
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CHAPTER THREE  

                                                       ANALYSIS OF FIELD REPORT 

 
3.1 Introduction  
 

Research has been carried out worldwide for quite some time now, and several publications 

and national and international standards have evolved due to the increase in usage of 

lightning arresters in power substations [52]. This increase in demand is due to the adverse 

effects of voltage surge resulting from lightning strikes, switching, power follows current 

and fault induced on the various components used in power substation construct [53] [54]. 

A lightning strike is caused by lightning discharge when the associated current tries to find 

a path. In addition to this, lightning strikes on substations cause problems in electrical 

distribution networks; a strike alone on a conductor power line causes surge voltages with 

unsmooth voltage pulses at the strike point, propagated as traveling waves in either direction 

of the strike point. Also, surge voltages have high frequencies, meaning the current rise rate 

is more rapid than the average 50 Hz current [55] [56]. 

The significance of the rapid change of current is when it enters an inductance material in a 

transformer or reactor winding, the induced back electromotive force becomes so great that 

the insulation on the ends of the windings may fail. Transformer windings can be distorted 

due to the strong magnetic fields created by high voltage windings with high stresses 

accumulated between the adjacent turns and coil windings. Insulators can be damaged due 

to cracking, resulting in flashovers [57] [58].  An arrester aims to discharge surges of high 

voltage to the earth while protecting insulation and equipment, thereby interrupting current 

flows following a discharge.  

In this study, an informal discussion has been carried out on lightning arresters. More than 

one substation field has been visited for information sourcing regarding lightning arrester 

usage, maintenance, testing procedures, and selection criteria. Captured in this work are 

research questions aimed at understanding the workings, challenges, principles used, and 

various field experiences. 

 



32 
 

Furthermore, this study aims to achieve the "best" design relative to a set of prioritized 

criteria or constraints. These include maximizing factors such as productivity, strength, 

reliability, longevity, efficiency, and utilization of lightning arresters, all of which are 

captured in the research questions. 

 

This chapter is structured into three research questions; section one discusses the installation 

procedure of lightning arresters and types. Section two analyses the maintenance and testing 

criteria used on lightning arresters in substations, lastly section three gives an overview of 

the selection criteria used for lightning arrester systems. 

 

3.2    Findings of research question one: 

3.2.1 The objective of research question one 

Research question one: What is the installation procedure used for lightning arresters, the 

type being installed, and benefits? 

Research objective one: To establish the types and installation procedure of lightning 

arresters and their benefits regarding the protection of the substation system against surges. 

3.2.2    Lightning arrester installation procedure, types and their benefits in substations 

For installing a lightning arrester, the arrester must be installed as close as possible to the 

components requiring protection. This is to avoid compromising the working clearance 

distance for condition assessment, maintenance, and prioritizing a healthy and safe working 

environment. Additionally, the copper conductor's live part is connected to the lightning 

arrester while the neutral part is connected to the ground, which has an earthing mat or earth 

spikes less than or equal to the standard earth resistance used in South Africa. Structurally, 

the lightning arrester must be positioned perpendicular to the conductors' live phases. The 

arrester must also be installed on the incoming and outgoing phases of the transformer, 

circuit breakers and AC disconnects to avoid surges and faults damaging these components 

[59] [60]. 

 

Furthermore, to achieve a low resistance, the earth conductor length must be as short as 

possible, specifically, to a South African standard of less than one meter. Since low 

resistance is an essential requirement for earth conductors in the substation, copper material 

is preferably used in the design of conductors because of its high conductivity and low 
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resistance property as the resistance of the conductor is directly proportional to the length 

of the conductor wire directly connected to the earth spikes or earth mat. 

Moreover, the lightning arrester ratings must be taken into account. The lightning arrester 

ratings must be equal to or less than the basic insulation level of your equipment [61] [62]. 

For proper compliance with standards, there must be a specification on how the supplier 

should provide the arrester required, considering that equipment used in industries is guided 

by the public finance management act (PFMA).  

Conventionally, porcelain housing types of lightning arresters were installed before being 

replaced by polymer housing types. The porcelain housing type of lightning arrester is well 

known for its high mechanical strength on the arrester and its infinite characteristic of 

showing no signs of aging when it comes in contact with moisture. Exposure to moisture 

has a long-term effect on this type of lightning arrester. In contrast, the polymer housing 

type of arrester is known for its good strength of adjusting itself on different environmental 

areas to reduce leakage current by enlarging the creepage distance, it repels water and is not 

prone to vandalism [63] [64] [65]. 

Additionally, environmental factors significantly impact lightning arrester performance and 

life span, especially for outdoor lightning arresters. Polymer types of arresters are mostly 

used in areas with high contamination, salt, or industries. A polymer rubber-metal oxide is 

usually recommended because it can be adjusted to accommodate these factors. They are 

designed in a disk shape and assembled into adjusTable stacks to give the desired creepage 

distance high enough to withstand high leakage current caused by salt particles, which 

causes flashover. The lightning arrester protects the substation's expensive components 

against voltage surges, which is beneficial to many utilities as they do not have to purchase 

or rebuild the substation due to explosion [66] [67].  

3.3 Findings of research question two: 
The objective for research question two was to obtain and understand how maintenance is 

carried out on the field's lightning arresters. This research has also been conducted to gain 

substantial knowledge on the testing procedures carried out before lightning arrester failure. 
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3.3.1 The objective of the research question two 

Research question two: What maintenance, testing procedures are carried out on lightning 

arresters, and how does humidity affect the life span of an arrester? 

Research objective two: To determine maintenance and testing being done on lightning 

arresters installed in substations and study the effect of humidity on the aging or degradation 

process of lightning arresters. 

3.3.2 Maintenance procedures and testing of lightning arresters 

To conduct maintenance and testing on lightning arresters, companies in South Africa are 

guided by SANS standards and safety regulations. This guide is done to keep lightning 

arresters in good condition and know the status of an arrester before they begin to fail. An 

authorized person who is a qualified employee or contractor with proper safety training and 

calibrated testing equipment can conduct condition monitoring and maintenance tasks on 

the arrester inside the substation with the required license, in South Africa an A-brown 

license is used. A trainee can only be allowed to enter the substation premises only if 

accompanied by A brown license holder to perform these test and maintenance task as part 

of his/her training [68] [69].  

At a six a month's interval, condition assessment by visual inspection must be conducted on 

lightning arresters, check for bolts in high voltage clamps, high resistance, and bolts in earth 

connection clamps, if they are tight or not. Other checks carried out include discontinuity 

from base to earth checks, check for cracks, rust on metal parts, contaminations on 

connections, burnt marks on the copper conductor, carbon black spots due to flashes, 

alignment, and the clearance between the arrester and the phases. Failure to carry out these 

checks may cause the arrester to experience poor electrical connection as maintenance can 

elongate an arrester's life span. Additionally, regular maintenance is done every month, 

while testing is done every two years or more. Testing is vital since it ensures maximum 

service life and reduces any sudden chances of failure that may arise if not properly 

maintained and tested at a specified frequency by the producer [70] [71]. 

While conducting maintenance, cleaning, and removing black carbon on the arrester using 

cleaning agents are explicitly designed for arresters to avoid any obstruction from dust, 

which can lead to conductivity or cracking, thereby having an effect harmful on the arrester 

insulation properties. Also, deviations obtained from condition assessment must be rectified 

during every maintenance conducted.  
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Furthermore, to track if maintenance has been carried out within the specified or required 

frequency as part of compliance and life span check stated by producers, records for 

condition assessment and maintenance must be well kept. These records provide clarity on 

the arrester's behavior and allow Engineers to address any deviations within the arrester's 

life span [72] [73] [74]. 

Testing lightning arrester performance is vital to detect its nearness to failure; this will 

enable users to remove and replace them before failing to serve its purpose of protecting the 

components inside the substations.  

Some test conducted on lightning arresters are: 

Leakage current test- New arresters have a low leakage current; this prevents damages to 

the insulation, thereby compromising its performance. On continual usage, the leakage 

current increases with time, and each arrester has a maximum magnitude that must not be 

exceeded; if this magnitude is exceeded, the arrester is likely to fail. Also, the total leakage 

current is a phasor sum of capacitive and resistive leakage current. The resistive leakage 

current is good indicator of the surge arrester condition. Considerable increase in the 

resistive leakage current may be caused due to moisture ingress or premature aging of the 

arrester. In addition, the resistive leakage current has accepTable limits. For a new LA, the 

value of resistive leakage current should be less than 30 µA representing a normal condition. 

For an in service LA, the value of the resistive leakage current of 150 µA is accepTable. If 

the value of resistive leakage current is between 150 to 350 µA. When values are above 

350µA the LA should be replaced immediately [75] [76] [77]. 

Thermo Vision-Scanning -This test helps in identifying hot spots in defective equipments 

found in substation. The objective of this test is to identify abnormal heat build-up in 

electrical equipment that appear normal to the eye. If the lightning arrester is defective more 

current will pass through the arrester under normal operating condition. So, the temperature 

inside the arrester will increase and this temperature can be detected with the use of thermal; 

vision scanning. Also, if the LA displays a temperature difference of a few ℃ from the 

nearby the arrester, it is placed on a watch list and checked again after a few weeks. Now, 

if the temperature differences increases then the arrester is placed on an emergency watch 

list. However, this does not require shut down of the switch yard equipment, it can be used 

in condition monitoring and preventive maintenance [78] [79]. 
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Insulation resistance test- This test checks and verifies if the magnitude of resistance is still 

within the range of its ratings and in a good working condition. It is done to verify the quality 

of insulation of the equipment under test. Performing tests at regular intervals can detect 

insulation failures before they occur and prevents electrical accident. This measurement is 

to be carried out on individual stacks and then on the complete stack. A test voltage of 5 kV 

is applied using the insulation resistance test kit for a duration of 1 minute and values of 1 

Giga ohm are generally considered as good values. Keeping a stack of low insulation 

resistance value will stress the other stacks which will eventually lead to failure of the LA. 

So, such stacks should be immediately replaced [80] [81]. 

Bell test- This type of test checks for cracks on the arrester by tapping; it is usually conducted 

on porcelain housing type of arresters. The ringing sound from the test indicates that the 

arrester is in excellent working condition, while a faint sound indicates the presence of 

cracks and the arrester needs to be replaced [82] [83]. 

The above tests are conducted on the field while the arrester is still mounted on the structure. 

However, there is no specific test to determine if the arrester has failed, but the methods 

mentioned above can only be used to determine the near possibility of failure.  If the arrester 

is about to fail, comparing the magnitude of results after the tests can be used to check the 

possibility of failure. For example, the possibility of failure of a new lightning arrester 

having a leakage current of 30 mA with a maximum leakage current of 150 mA can be 

detected if the leakage current values are close to or above its maximum leakage current 

rating. This can also affect the life span of an arrester, which is between 25-30 years [84] 

[85].  

For this thesis, Surveys have been carried out in the field based on engineers' experience 

using and testing lightning arresters. The aim was to find out how long it takes for lightning 

arresters to fail when exposed to higher temperatures and humidity. In the survey conducted, 

it was stated that environmental factors such as temperature and humidity changes 

negatively affect the aging process of lightning arresters. The rate at which water finds its 

way into the lightning arrester housing increases with an increase in humidity at a given 

temperature. Also, at high humidity in cold regions, the rate of evaporation is very low. 

When this occurs, it becomes very difficult for water that finds its way into the lightning 

arrester housing to evaporate. So constant exposure of lightning arresters to accumulated 
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water due to low evaporation rate resulting from high humidity can reduce the life span of 

lightning arresters. 

However, all these maintenance and tests being conducted still does not insinuate that a 

lightning arrester will last its life span. Environmental factors have a significant impact on 

the arrester's life span, lightning being one factor. Some areas have a high lightning flash 

density, which may affect the arresters' life span; installed arresters in such areas experience 

more lightning strikes than an average area. In addition to this, air pollution from industries 

can reduce arrester's insulation properties by reducing its insulation capability. Also, a 

lightning arrester installed on the coast can affect an arrester's life span since the sea 

produces salt particles blown out by the wind, resulting in the arrester having rusts and 

cracks earlier than expected. 

3.4 Findings of research question three: 
The drive and purpose for research question three were to understand how companies select 

the type of lightning arrester they need to be installed on the field and the selection criteria 

being used. 

3.4.1 The objective of the research question three 

Research question three: What selection criteria are used to select lightning arresters 

suiTable for substation protection? 

Research objective three: Discover the selection criteria used when selecting lightning 

arresters for protection against high voltages.  

3.4.2 Selection procedure for lightning arresters 

For selecting an arrester, the substation configuration must be known, configurations such 

as grounding configurations (grounded or not grounded), circuit configuration (wye/delta), 

and taking note of nominal ratings based on the system ground configurations. For an 

ungrounded system, a higher arrester rating should be selected. 

Additionally, knowing the arrester's ratings and ratings of the component being protected is 

critical to provide assurance protection of insulated components inside the substation. Also, 

the ratings for residual voltage on the arrester must be lower than the ratings of the lightning 

impulse voltage of the components being protected. This ensures that any surges above the 

lightning impulse voltage ratings are avoided to prevent damage to components in the 

substation. These components are expensive and must be taken care of. Also, a lower rating 
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provides the highest margin of protection for the equipment's insulation system, even though 

it will increase the chances of failure. 

There is a recommended limit for the voltage that can be applied continually; this limit is 

known as maximum continuous operation voltage (MCOV). Arrester ratings must be 

selected such that MCOV ratings are less than or equal to the maximum continuous voltages 

experienced by the arrester. Additionally, temporary overvoltage of the system must also be 

lower than the ratings of the arrester. Also, the basic insulation level (BIL) must be able to 

protect insulation against overvoltage. In summary, selecting an arrester that will discharge 

at a lower voltage level of required impulse voltage to cause a breakdown, the industry 

standards define the insulation and impulse level ratings 

. 

Most utilities on their traction substations use the stationary class type of arresters because 

of their high energy handling capability as they have their transformers rated above 20 mVA. 

This type of arrester is expensive, and so as the components that need protection. The 

stationary type usually has its housing in a polymer insulation type; an example of this is 

the Metal Oxide (MO) arresters [86].  

The MO arresters have a non-linear resistance meaning that under normal conditions, they 

behave like an insulator presenting high resistance as its component characteristics. When 

transient voltages are induced, it behaves like a conductor as the resistances reduce low 

enough to conduct any surges down to the ground.  The line to ground voltage is also applied 

continuously between the line and ground terminals of the arrester. Hence lightning arrester 

carries minimal leakage current that can be withstood continuously [87] [88]. 
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  Figure 3. 1: Metal Oxide arrester type [86] 

There are quite some factors that determine how many lightning arresters must be installed 

in a substation. One such factor is the number of phase wires present in the substation's 

incomer, which is known as the primary high voltage side. A 3 kV DC substation - a single 

unit – has seven lightning arresters and a double unit has 14 lightning arresters. While an 

AC substation has three lightning arresters for a single unit and six lightning arresters for a 

double unit.  Additionally, AC substations have only two phases: incomers to the 

transformer and one from the secondary side to the line. While on the DC substation, three 

lightning arresters are connected on the primary side for protection of AC disconnects, 

primary circuit breakers, voltage, and current transformers, etc. Followed by another three 

lightning arresters to the transformer and one on the secondary side to the line [89] [90]. 

When an arrester fails, it is not advisable to repair it because the purchase and replacement 

of a failed one are more reliable and safer than using a repaired one. Also, the cost of 

repairing may be equal to or over purchasing a new one. When it has failed, transformers 

and any insulated equipment are likely to fail due to a lack of protection during transient 

overvoltage. 
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Conclusion  

To maximize factors like increased life span, efficiency, and reliability, the type, selection 

criteria, maintenance, test, and installation procedure for lightning arresters used for 

protection against overvoltage in substations have been analyzed to guide users of lightning 

arresters. From the information gathered from the Survey, it has been stated conclusively 

that humidity as an environmental factor has been stated to affect the aging process of 

lightning arresters negatively. 
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CHAPTER FOUR  

EFFECT OF TEMPERATURE ON THE FAILURE RATE OF LIGHTNING 

ARRESTERS USING WEIBULL PARAMETER ANALYSIS 

 

4.1 Introduction 
 

Humidity reflects a proportion of the air's water vapor that varies as the air temperature 

changes. In the presence of high humidity and fog conditions, the leakage current increases 

therefore causing harm to the arresters of the wave. Humidity area can easily result to the 

arrester’s polymer surface to degrade earlier than expected. It feels oppressive outdoors 

when the humidity is high because water does not evaporate quickly. Water dries quicker 

when the humidity is inadequate because it is easier to evaporate more moisture [91] [92]. 

The aging of lightning arresters accelerates when lightning arresters are exposed to field 

conditions, including UV, temperature, humidity, voltage, salt fog, and rain.  

 

Furthermore, moisture resulting from high humidity and internal partial discharges has a 

negative effect on the degradation of surge arresters for high voltage surges of metal oxide 

arresters. Partial discharge causes the arrester current to increase under the operating 

voltage. This phenomenon is hazardous and can cause the metal oxide arrester to have a 

complete outage. The intrusion of moisture will lead to internal discharges in the field. 

Adjustments in varistor voltage-current characteristics caused by moisture or partial 

discharges decrease free conditions of dry and partial discharge, such as less humid areas. 

[93] [94]. 

In addition to this, leaks at the end caps may allow water to enter the inner region due to 

improper sealing from insufficient compression of the gasket. Although the rate of moisture 

ingression is prolonged, it is observed that after years of field operation, the level of internal 

moisture rises to a sufficient level to have some effect on its operating characteristics. As 

the moisture content increases, the leakage current increases on the inner surface leading to 

partial discharges which can electrically affect the activity of the arrester [95] [96] [97]. 

Also, when moisture comes into an arrester, a degradation and failure of the voltage source 
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are often found to be the fault mechanism. In severe cases, reducing dielectric strength can 

lead to a spontaneous system voltage failure or can fail to reseal after a lightning surge is 

discharged [98]. 

 

The rate at which these lightning arresters fail varies due to the influence of humidity on the 

rate at which the water contents that find their way into the lightning arrester evaporate. In 

an enclosed environment like the laboratory, the humidity is lower in an open space or field's 

humidity, resulting in a more increased evaporation rate and a more relaxed environment, 

which increases the lightning arrester service life [99] [101] [102]. Since highly reliable 

power systems usually require very high reliability over long periods of time of each system 

component used for its construction, components require test of reliability. 

 

Accelerated ageing test is a test carried out on arresters it determines. It the reliability of the 

arrester under exposure to moisture resulting from the humidity of the environment where 

the arrester is installed. Also, degradation tests are commonly used to obtain reliability-test 

information more quickly which allows for modelling of failure causing mechanisms. 

Though degradation models can be used to predict or make inferences as regards the time 

of failure with the use of component failures and amount of degradation, but most models 

may be reliable because conditions of operation are not always the same. Furthermore, a 

testing facility could also be used to predict the time of failure of lightning arresters under 

operating conditions, one of such testing facility was developed by two decades back [63] 

[64].  

 

Field conditions including UV, temperature, humidity, voltage, salt fog, and rain were 

simulated by the established multi-stress accelerated aging test facility. To determine the 

accelerated aging test's accelerating factor, a field exposure test at the outdoor test yard and 

characteristic study of field-operated specimens were used in this model. The result from 

the developed test facility showed quite a high deterioration soon after the ageing of the 

arrester accelerated. From the results of the developed test facility, degradations were found 

on the surfaces and in the interfaces of arresters. However, the developed test facility could 

not decide yet the accelerating factor of aging cycle. Conclusively, both developed models 

and test facility are however not a reliable method for determining the aging of lightning 

arresters [65] [66]. 
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4.2 Cases of accelerating aging test 
 

Two cases of acceleration aging test have been examined and are being presented to verify 

the consistency of results obtained from field survey as captured in chapter 3. 

Case 1 

The research aimed to study the behavior of lightning arresters when exposed to room 

temperature in an environment enclosed with the limited effect of humidity. A laboratory is 

a confined space, and it is critical to ensure that temperature and humidity are maintained to 

avoid any foreign objects such as dust, humidity and ultraviolet lights that can affect the 

outcome of the results. During the laboratory test, each lightning arrester was subjected to 

the testing temperature, and time was set to be 72 hours' maximum, and it was expected that 

the outcome results displayed true reflection of temperature could temper with arrester 

insulation. 

 

Table 4. 1: Laboratory test results for failed and survived samples 

 

 

 

 

 

Case 2 

Also, a similar test has been carried out on the lightning arrester in an open space or 

environment where temperature and humidity are variable and cannot be controlled or 

limited.  For the field test, this took place on one of the six out nine substations, which are 

approximately 30 km apart, taking note that the area where this station falls under is 

Mpumalanga Province, which is known for its hot and humid weather condition. During the 

testing, various factors may have added impacted the results, such change in temperature; 

for instance, continuous exposure of heat on an arrester can results to an increase in internal 

pressure that may cause leakage current. The occurrence of leakage current for a repetitive 

Test outcome Laboratory  temperature 

Failed 7 

Survived 11 
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number of times can result in moisture building up inside, which can further result in 

dielectric integrity reduction worst-case scenario being the failure of lightning arrester [5] 

[6] [7]. 

 Table 4. 2: Field test results for failed and survived samples  

 

 

 

 

4.3 Analysis of results for examined cases  
 

Considering Table 4.1 and Table 4.2 for a laboratory test and the field test, respectively, the 

failure rate of lightning arresters tested in the field at 110 C is higher than in the laboratory. 

The outcome received from both tests results have been used to plot a Weibull cumulative 

distribution function graph. Parameters such as percentage cumulative failure probability 

have been calculated. The percentage cumulative failure probability "𝐹𝐹(𝑖𝑖,𝑛𝑛)"  is determined 

by counting the number of failed or degraded lightning arresters represented as "𝑖𝑖" over a 

given period taking into accounts the total number of samples tested denoted with symbol  

"𝑛𝑛." These arresters were subjected over 72 hours, an equivalent of three days. Also, the 

failure time 𝑡𝑡𝑖𝑖 of each lightning arrester and the number of failed lightning arresters 𝑖𝑖  during 

the degradation test were observed and recorded in Table 4.3 and Table 4.4.                                                              

  Table 4. 3: Laboratory test result indicating the time of failure 

 

 

 

 

 

        

Samples for field tests 110º C field temperature 

Failed 10 

Survived 8 

ti (time to failure) [Hrs] (Failed arrester) 

15 2 

22 3 

28 4 

35 6 

40 7 

44 8 

49 9 
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Table 4. 4: Field test results indicating the time of failure 

 

 

 

 

 

 

 

 

 

 

The number of tested samples 𝑛𝑛 was the same for both cases and assigned a value of 18 

representing the number of lightning arresters that were tested. The Time Equivalent of the 

Ageing (TEAP)  [𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖 and the percentage Cumulative Failure Probability 

(CFP) 𝐹𝐹(𝑖𝑖,𝑛𝑛) were calculated using Equation-  (4.1) and Equation- (4.2) shown below, and 

the results were recorded in Table 4.5 and Table 4.6 to a test temperature of 110° C. 

  Table 4. 5: Calculated laboratory results for TEAP and CFP 

 

 

 

 

 

 

 

𝑡𝑡𝑖𝑖 (time To failure) [Hrs] (Failed arresters) 

12 3 

16 4 

20 5 

25 6 

30 8 

34 9 

38 9 

42 10 

46 11 

50 12 

[𝒕𝒕(𝒆𝒆𝒆𝒆.𝟒𝟒𝟒𝟒°𝑪𝑪)]𝒊𝒊 𝑭𝑭(𝒊𝒊,𝒏𝒏) 

127.16 8.55 

186.5 14.03 

237.36 19.51 

296.7 30.47 

339.08 36 

373 41.42 

415.38 47 
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 Table 4. 6: Calculated field results for TEAP and CFP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For arresters testing, when the Weibull plot always has the cumulative failure probability 

on the vertical axis while the time taken for arrester to fail is on the horizontal axis, a 

negative slope shows reliability improvement. A positive slope shows reliability 

deterioration. No slope (a horizontal line) shows a table system [8] [9]. 

 

 

                                   

 

 

 

 

 

           

                                                               

[𝒕𝒕(𝒆𝒆𝒆𝒆.𝟒𝟒𝟒𝟒°𝑪𝑪)]𝒊𝒊 𝑭𝑭(𝒊𝒊,𝒏𝒏) 

101.73 14.03 

135.63 19.51 

169.54 25 

211.93 30.47 

254.31 41.42 

288.22 47 

322.13 47 

356.04 52.38 

389.95 57.86 

423.86 63.34 
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The Weibull plot for both test conditions generated and captured in figure 4.1 and figure 

4.2.  

 

                                          Figure 4. 1: Laboratory test result 

 

                                           Figure 4. 2: Field test results 

Since the values of calculating percentage cumulative failure 𝐹𝐹(𝑖𝑖, 𝑛𝑛)  time equivalent to 

arrester operation at a service condition probability [𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖 I am using Equation-  

(4.1) and Equation-  (4.2) which are shown below, assume 𝑛𝑛  is 18; 𝑡𝑡𝑖𝑖 is 12, 𝑖𝑖  is three and 

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 is 110° C.  

Substitute these values into Equation- (41) and Equation-  (2): 

Recall Equation-(1) 

 𝐹𝐹(𝑖𝑖, 𝑛𝑛) ≈ �𝑖𝑖−0.44
𝑛𝑛+0.25

� × 100                                              (1) 
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 𝐹𝐹(𝑖𝑖, 𝑛𝑛) ≈ 14.03 

Recall Equation- (2) 

 [𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖[ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜] = 𝑡𝑡𝑖𝑖 × 2.5
𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−40

10                            (2)                                      

 [𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖 = 101,73 

 

Now, 𝐹𝐹(𝑖𝑖,𝑛𝑛) and [𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖 are 14,03 and 101,73 as shown in Table 4. A similar 

calculation was carried out for the two test conditions using different 𝑡𝑡𝑖𝑖 and 𝑖𝑖 and the results 

were used to populate Table 4.5 and Table 4.6. 

To verify the adequacy or the goodness of fit of the distributions obtained, for both the 

𝐹𝐹(𝑖𝑖, 𝑛𝑛) and [teq:40 oC] presented in figure 1, and figure 2, the logarithmic expression of 

percentage cumulative failure probability and service condition probability are represented 

as 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖respectively for both field and laboratory test. 

To calculate the logarithmic value of the percentage cumulative failure probability and 

logarithmic of service condition probability, use Equation- (4.3) and Equation-  (4.4) shown 

below respectively  

   𝑥𝑥𝑖𝑖 = 𝑙𝑙𝑛𝑛 �−𝑙𝑙𝑛𝑛 �1 − 𝐹𝐹(𝑖𝑖,𝑛𝑛)
100

��                                                              (3) 

  𝑦𝑦𝑖𝑖 = 𝑙𝑙𝑛𝑛(𝑡𝑡𝑒𝑒𝑒𝑒. 40°𝐶𝐶)𝑖𝑖                                                                         (4) 

 

Substituting  𝐹𝐹(𝑖𝑖,𝑛𝑛) = 14.03 and [𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖 = 101,73 results of Equation-  (3.1) and 

Equation-  (4.2) into Equation-  (4.3) and Equation-  (4.4) below, 𝑥𝑥𝑖𝑖  and 𝑦𝑦𝑖𝑖 becomes -2.41 

and 4.85. 

 

Similar calculations have been carried out using values of 𝐹𝐹(𝑖𝑖,𝑛𝑛) and[𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖 in 

Tables 5 and 6, for different test condition cases and the results captured in Tables 4.7 and 

3.8. 
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Table 4. 7: logarithmic value for laboratory test 

 

 

                              

 

 

 

           

 Table 4. 8: Logarithmic value for field test 

 

 

 

 

 

 

 

 

 

 

4.2 Parameter analysis for the chosen test cases 
 

The correlation function (𝛾𝛾) as a parameter needed to carry out a proper analysis of lightning 

will produce a constant failure rate when equal to 1 (𝛾𝛾 = 1), which indicate a useful life 

span. If the parameter is less than 1 (𝛾𝛾 < 1 ), the failure rate increases with time, resulting 

𝒙𝒙𝒊𝒊 𝒚𝒚𝒊𝒊 

-2,41 4,85 

-1,89 5,23 

-1,53 5,47 

-1,01 5,69 

-0,81 5,83 

-0,63 5,92 

-0,45 6,03 

𝒙𝒙𝒊𝒊 𝒚𝒚𝒊𝒊 

-1,89 4,62 

-1,53 4,91 

-1,25 5,13 

-1,01 5,36 

-0,63 5,54 

-0,45 5,66 

-0,45 5,77 

-0,30 5,88 

-0,15 5,97 

-0,0035 6,05 
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in infantile or early life failures. If (𝛾𝛾 > 1 ), the failure rates increase with time meaning 

failures happen after a time has passed. [10] [11] [12] 

The correlation function can be calculated as: 

 𝛾𝛾(𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖) = ∑(𝑥𝑥𝑖𝑖−�̅�𝑥)∙(𝑦𝑦𝑖𝑖−𝑦𝑦�)
�∑(𝑥𝑥𝑖𝑖−�̅�𝑥)2∙∑(𝑦𝑦𝑖𝑖−𝑦𝑦�)2

                                                   (5) 

 where    �̅�𝑥 = ∑𝑥𝑥𝑖𝑖
𝑟𝑟

     and     𝑦𝑦� = ∑𝑦𝑦𝑖𝑖
𝑟𝑟

 

Values of 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖 in Table 4.7 and Table 4.8 for the test cases have been substituted into 

�̅�𝑥 and  𝑦𝑦�, and the result is presented in Table 4.9 and Table 4.10. 

Since r is 10, Now for the chosen instance, �̅�𝑥 and 𝑦𝑦� = becomes 0.77 and 5.49, respectively 

Substitute �̅�𝑥 and 𝑦𝑦� into Equation-  ( 4.5 ): 

 𝛾𝛾(𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖) = ∑(𝑥𝑥𝑖𝑖−�̅�𝑥)∙(𝑦𝑦𝑖𝑖−𝑦𝑦�)
�∑(𝑥𝑥𝑖𝑖−�̅�𝑥)2∙∑(𝑦𝑦𝑖𝑖−𝑦𝑦�)2

                                                   (5)     

 𝛾𝛾(𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖) = 3.83 

This Parameter gives a statistical correlation between random variables, component based 

on the spatial or temporal distance between the variables used for the Weibull plots. 

Mathematically, correlation is an operation similar to a convolution function. It involves 

sliding the function over the other and finding the area under the overlapping regions [11] 

[13]. 

To calculate the slope function of the Weibull distribution (m), use: 

𝑘𝑘(𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖) = ∑(𝑥𝑥𝑖𝑖−�̅�𝑥)∙(𝑦𝑦𝑖𝑖−𝑦𝑦�)
∑(𝑥𝑥𝑖𝑖−�̅�𝑥)2                                                                (6)   

Substitute �̅�𝑥 and 𝑦𝑦� into Equation-  ( 6 ) m becomes 3.22. as captured in Table 9 

Table.4.9 Laboratory test parameter 

                           

 

 

𝒙𝒙� 𝒚𝒚� 𝜸𝜸(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 𝒎𝒎(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 

-1.25 5,57 3.30 3.30 
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Similar calculations have been carried out for laboratory test and the result is presented in 

Table 4.10  

 

 Table 4. 9: Field test parameters Parameter 1 

 

 

 

Other parameters calculated for proper failure analysis include the shape parameter( 𝛽𝛽), the 

intercept function ( c ), and the scale parameter 𝛼𝛼. The parameter for the Weibull form, β, 

is also known as the Weibull slope. This is because, in a probability map, the value of β 

equals the slope of the axis. Weibull distributions with β < 1 have a failure rate, known as 

infantile or early-life failures, that decreases with time. There is a relatively constant failure 

rate for Weibull distributions of β similar to or equal to 1, suggesting useful life or random 

failure. Weibull distributions of β 1 have a rate of failure that increases over time, referred 

to as wear-out failures. The scale parameter 𝛼𝛼 has an opposite effect than the shape 

parameter( 𝛽𝛽) [10] [13]. The implication of this is that, as the shape parameter increases the 

scale parameter, the scale parameter reduces. However, the intercept function (c) drops. 

These three parameters can be calculated using Equation-  (4.7), Equation-  (4.8), Equation-  

(4.9) shown below, respectively [67] [68]. 

 

𝛽𝛽 = 1
𝑡𝑡(𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖)

                                                                                (3.7) 

𝑐𝑐 = 𝑦𝑦� − 𝑘𝑘(𝑥𝑥𝑖𝑖,𝑦𝑦𝑖𝑖) ∙ �̅�𝑥                                                                 (3.8) 

𝛼𝛼 = 𝑒𝑒𝑥𝑥𝑒𝑒[𝑦𝑦� − 𝑘𝑘(𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖) ∙ �̅�𝑥]                                                       (3.9) 

 

Substituting values of m, 𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑖𝑖, �̅�𝑥, and 𝑦𝑦� into Equation-  (4.7), Equation-  (4.8), Equation-  

(4.9), the shape parameter( 𝛽𝛽), the intercept function (c), and the scale parameter 𝛼𝛼 have 

been calculated as 0.31, 7.96 and 2864.07  respectively.                                         

𝒙𝒙� 𝒚𝒚� 𝜸𝜸(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 𝒎𝒎(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 

-0,77 5,49 3,83 3,22 
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These parameters have been calculated for the chosen cases, and the result is presented in 

Table 4.11 and Table 4.12. 

 

 

Table 4. 10: Laboratory test parameter 2 

 

 

 

 Table 4. 11: Field test parameters 2 

 

 

 

Conclusively, the shape parameter (𝛽𝛽) and scale parameter (𝛼𝛼)  have to be used to determine 

the failure rates for both test conditions captured in this chapter. Considering Table 4.9 and 

Table 4.10, the value of 𝛽𝛽 for field and laboratory test conditions have been observed as 

0.31 and 0.30, respectively. It has been stated in section 4.3 that whenever a shape parameter 

(β) < 1, the failure rate decreases with time, leading to early life failures. From test results 

and calculation, the values for scaling Parameter for both test cases have been observed to 

be less than 1, so both test condition cases will provide an early life failure as a time of 

exposure increases [69] [70].  

However, comparing the shape parameter for field and laboratory test results, it has been 

observed that the shape parameter for the field test result is greater than the shape parameter 

for the laboratory test results. The implication of this is that the lightning arresters tested on 

the field will fail earlier than those tested in the laboratory because as the shape parameter 

approaches 1, the failure rate increases. Since 0.31 is more significant than 0.30, we can 

conclude that the field samples have a higher failure rate than the laboratory samples.    

Furthermore, as the scale parameter (𝛼𝛼)  increases, the failure rate increases with time. 

Considering the scale parameter for both chosen test cases recorded in Table 4.11 and Table 

4.12, the field test result's scale parameter has been observed to be less than the laboratory. 

𝛽𝛽 𝑐𝑐 𝛼𝛼 

0,30 9,70 16317.61 

𝛽𝛽 𝑐𝑐 𝛼𝛼 

0,31 7,96 2864.07 
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Owing to this, we can conclude that arresters tested on the field fail earlier than those tested 

in the laboratory.  

 

 

4.4 Conclusion 

From the experiment carried out to determine the effect of temperature on the lightning 

arrester's aging process, it has been observed that environmental factors Influence 

temperature, which results in a change in humidity condition. Using the two Parameter (𝛽𝛽) 

and  (𝛼𝛼), the Two case test shows that the tested lightning arresters' failure rate on the field 

is higher than the tested lightning arresters failure rates in the laboratory 
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CHAPTER FIVE  

                                                  DISCUSSION OF RESULTS  

5.1 Introduction 

In order to ensure a high availability of the system, current system operators inside the 

substation must be routinely inspected and their electrical system properly maintained. [98] 

[99]. Hence regular testing maintenance and inspection on lightning arrester is crucial for 

surge protection and is also a requirement from the standard IEC 62305-3 to protect the 

system against lightning. The frequency of maintenance work depends on the factors listed 

below: 

1. Loss of quality related to the weather and ambient condition. 

2. Effect of direct lightning strikes and resulting in possible damage 

3. The type of lightning arrester needed for the structure in consideration. 

 

A maintenance routine is prepared, and a record should be kept for every work conducted 

to allow comparison between the latest results and those from current maintenance [100] 

[101] [102]. Following measures form part of the maintenance routine. 

1. Cleaning the outside of the arrester housing helps minimize contaminations that can 

cause an arrester to conduct. 

2. Before handling the arrester, the line must firstly be de-energized. 

3. The ground relation should be tested regularly and measured. 

4. To record measurements for the surge counter. 

5. Directly connected to the arrester and line conductor is the line lead. 

6. The ground lead is firmly clamped to the terminals of the arrester and the ground 

value.  
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4.3 How to conduct lightning arrester testing 
 

Testing is conducted to ensure the integrity of lightning arrester as protection equipment 

onto the substation components before it tends to fail [6][7].  There are various types of 

testing conducted to ensure reliable protection of an arrester, and there are: 

Visual inspection – This inspection is conducted at fixed intervals of no greater than 12 

months depending on the make or type of an arrester being installed. Inspect mechanical 

condition of all conductors if there not cut or damaged, check if an arrester is still within the 

required clearance, bonds if there still in place and not damaged, joints and earth electrodes 

bolts should be inspected and checked if there are appropriately tightened not loose [60] 

[61].  

Thermal image monitoring (infrared testing)-the reason why thermal imaging can determine 

surge arrester health is that during steady-state activity, these components dissipate very 

little energy and seldom exhibit a temperature far higher than ambient. Thermal imaging 

and 3rd harmonic leakage current monitoring are the two best methods for determining the 

condition of arresters. Measuring the 3rd harmonic leakage current flowing under normal 

circumstances through the ZnO arrester provides details about the actual operating state of 

the arrester.  Some methods have been developed in the last five years to determine the 

condition of surge arresters. Many researchers have established the surge arrester condition 

based on the third harmonic leakage current. There is still a lack of practical thermal imaging 

guidance for surge protection control, although much has been done with surge monitoring. 

[63] [64]. 

 

The advantage of thermal imaging is the speed of data collection, even if there is no quicker 

way to show whether an arrester is near the end of life than a temperature scan. Also, it does 

an excellent job from a distance, particularly when using a long-range camera lens. One 

downside is that no thermal imaging systems on the market are capable of remotely 

transmitting data. As such, it takes a person to physically go to the site and gather data to 

obtain a thermal profile for the arrester [8] [9] [10].  
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Usually, it will emit heat when an arrester is in the process of failing. At the same time, a 

lightning strike or switch surge can damage an arrester just days after its last thermal scan, 

possibly the only negative point regarding thermal imaging seems to be the potential for 

failure between successive scans. 

Power factor testing – this type of testing is susceptible to weather conductions. This type 

of test is done wherever possible in favorable circumstances. Measurements on an arrester 

are often carried out at the same or prescribed test voltage, as it is possible to integrate 

nonlinear elements into an arrester. In order to calculate the integrity of an arrester and 

isolate potential failure hazards, power loss calculation is also an effective tool. This type 

of test demonstrates conditions that could affect an arrester's protective role, such as the 

presence of moisture, salt deposits, corrosion, broken porcelain, open shunt resistance, 

faulty pre-ionizing parts, and defective gaps. This type of test should not be performed on a 

complete multi-unit arrester stack, but on an individual arrester unit. A single arrester unit 

will measure the standard unground specimen test (UST) in the laboratory. However, when 

placed on a support system in the field, it can only be tested by grounded specimen test 

(GST) [67] [68] [69]. 

Dead earth testing method – Any low-resistance earth not directly or unexpectedly linked 

to the earth under test may be this method.  

A connection made from the appropriate earth to the test meter, which is attached to the 

electrode under examination, will display a lightning protection system operating known as 

the dead earth. A reading is taken, and the obtained ohmic value is the resistance of the 

electrode sequence under test and the resistance of the dead earth constructively. 

Benefits of lightning arrester testing  

It ensures that all vital electrical and electronic installations are protected from the effect of 

a lightning strike when safety testing against lightning is carried out. The economic benefits 

are measured as follows: how does the average annual cost of a lightning system relate to 

the cost of a lightning system? [11] [12].  

 

4.4 Installation 
An arrester must be mounted in the pothead yard at the OHL entrance to the substation to 

protect against lightning in a high voltage substation. This helps to reduce the lightning 
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overvoltage amplitude that reaches the substation and to secure equipment in the pothead 

yard (instrument transformers). To secure its insulation, the second set of arresters must be 

located as near as possible to the power transformer [13] [14].  

The installation of a lightning arrester can also minimize the circuit breaker's operation with 

any possible system outage resulting from a back flashover. A short circuit needs to be 

avoided on a power system to ensure continuous electricity supply for consumers and 

prevent stresses and damages that may result in the power system. One factor that can prove 

a short circuit in the system is insulation faults on a transmission line in front of a substation. 

Insulation flashover can result in the formation of surges with a very steep front that enters 

the substation and causes insulation stresses, especially on transformer windings. 

           

 Figure 5. 1: Types of surges experienced by a substation  

5.3.1 Lightning overvoltage and switching  

Lightning overvoltage is caused by external events. Such events may result from lightning 

flash terminating on the phase conductor of the transmission line is more likely to happen 

in an unshielded line [15] [16]. The phenomenon of lightning hits on the conductor of a 

shielded line is usually denoted as shielding failure. Back flashover is the result of a direct 

lightning strike to the tower structure and shielded wires. Lightning surges move to the 

ground in both directions and down the tower, generating a cross-arm voltage and stressing 

the insulation. Flashover occurs when the voltage exceeds the threshold of the insulator 

string. The flashover of the insulator then causes a line to ground fault and will be interrupted 

by the breakers. The back flash usually occurs during lightning striking the overhead shield 

wire where the ground impedance is high. Switching overvoltage usually results from the 
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breaker operation, including fault occurrence, line energization, reclosing, capacitor 

switching [17] [18].  

5.2.2 Temporary overvoltage  

Temporary overvoltage generally lasts for hundreds of milliseconds or longer, although 

hundreds of microseconds normally last for the switching overvoltage. This then makes a 

major difference between the overvoltage of the switch and the temporary overvoltage. The 

temporary overvoltage has a frequency that is close to the standard power frequency. The 

leading causes of the temporary overvoltage include single line-to-ground faults, Ferro 

resonance, load rejection, loss of ground, coupled-line resonance, and transformer-line 

inrush. This type of over-voltage is crucial when determining an arrester selection and 

installation [19] [20]. 

5.4    Selection parameters for lightning arresters used in substation 

equipment protection 
In principle, the main aim in choosing the arrester is to select the least graded lightning 

arrester that provides sufficient protection for the equipment's insulation and that it should 

be rated so that when connected to the power grid, it will have an adequate service life.  Also 

a highly rated surge arrester should not be used because it increases the capacity of the 

arrester to work in the power system but reduces the protective margin for a specific degree 

of insulation. 

Furthermore, to ensure that an arrester performs the desired system protection function 

without causing any problem in the system, an arrester parameter must be appropriately 

selected. Therefore, application technicians, engineers, and users must be aware of the 

essential parameters to consider when choosing arrester types for substation safety. Some 

of these parameters are: 

 Continuous operating voltage,  

 Arrester rated voltage 

 Nominal discharge current 

 Thermal energy rating 
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5.4.1 Continuous operating voltage 

The earthing of the transformer neutral and the system's failure conditions determine the 

continuous operating voltage UC. This value is the maximum accepTable value of a 

sinusoidal power frequency between the system terminals. It is dependent on whether the 

arrester is connected between phase and earth, between the phases, or between neutral and 

earth. Since sudden voltage rise leads to damage of substation systems, the worst-case 

voltage increase depends on the system's neutral earthing configuration, which will directly 

affect the UC selection. The value of UC is selected with a special consideration using the 

highest actual system voltage US as a reference. If the actual system voltage value is not 

known, the highest voltage for the equipment should be taken as a reference. Typically, 

arresters are connected phase to the ground, so UC should be equal or greater than one third 

the value of Um [21] [22]. 

Additionally, when determining the value of UC the Potential temporary UTOV overvoltage 

must be considered by medium-voltage systems in substations. UTOV occur during earth 

faults and is dependent on the transformers' star point treatment and system management. 

To calculate the potential temporary overvoltage, which is dependent on the continuous 

overvoltage and T, which is a function of TOV curves found in the manufacturer's data sheet 

use: 

 𝑈𝑈𝐶𝐶 ≥ 𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇/𝑇𝑇                                                              5.1       

 

TOV is relatively long-term (i.e. seconds, even minutes), un moistened, or slightly damped 

power-frequency overvoltage. Usually, these over voltages are triggered by grounding 

faults, resonance conditions. TOVs can be described by their frequency of oscillation, being 

higher, equal or lower than the frequency of power. Load rejection, unloaded transformer 

energization, or a combination of these. TOVs are usually accompanied by a transient 

overvoltage resulting from a switching operation is often followed and triggered by minimal 

damping under operating conditions, a condition that can often be associated with light load 

or no load at all [22] [23] [24]. 

Fault to ground, load rejection, Ferro-resonance transformer energization, the combination 

of transient origin of overvoltage, and longitudinal overvoltage are the key causes of TOVs. 

The TOV level has become a defining criterion for selecting the rated arrester voltage and 

the permanent material overvoltage level. An exception, However, Resonant and Ferro-
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resonant overvoltage are an exception. They should not be used for arrester selection; 

instead, they should be limited by detuning the system from the resonant frequency, 

changing the system configuration, or by installing damping resistors [25] [26]. 

Furthermore, another parameter that could be used to determine the value of UC is the fault 

factor K, which determines the value of temporary overvoltage on the system. When these 

values are presented in the manufacturer's datasheet, the value of parameter UC can be 

calculated using the appropriate formula. Also, fault factor could reach higher values under 

certain circumstances as a result of resonant phenomena; in such cases, the UC value should 

be increased accordingly [24]. 

Conclusively, for an arrester connected phase to earth, the value of UC must be greater than 

US, but when the arrester is installed neutral to earth, the value of UC must be greater than 

US divided by K, where K is 1.732 for an ineffectively earthed system [25].  

 

5.4.2 Arrester rated voltage 

This voltage is simply used as a benchmark for the functional features. It can be defined as 

the maximum permissible r.m.s. value of the power-frequency voltage between the 

terminals at which it is constructed to operate properly under the temporary overvoltage 

conditions as calculated in the high or long-term operating duty pulse tests. Though it is of 

no particular significance to engineer, it is used to define the arrester's operating 

characteristics when used as the reference parameter and represented as Ur.  

It is important to note that Ur's value depends on the actual system voltage US for a solidly 

earthed neural system and isolated or resonant earthed neutral system. 

For a solidly earthed neutral system Ur can be calculated as 

 𝑈𝑈𝑟𝑟 ≥ 1.25 × 1.05 × 𝑈𝑈𝑡𝑡
√3

                                                       5.2    

Where US is a function of UC, which is represented as: 

   𝑈𝑈𝐶𝐶√3
1.05

≥ 𝑈𝑈𝑆𝑆                                                                         5.3                                                      

  For an isolated or resonant earthed neutral system Ur can be calculated as: 

    𝑈𝑈𝑟𝑟 ≥ 1.25 × 𝑈𝑈𝑆𝑆                                                                5.4  
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In this case US as a function of UC is represented as: 

 𝑈𝑈𝐶𝐶 ≥ 𝑈𝑈𝑆𝑆                                                                       5.5                  

 

However, the required rated voltage can also be calculated by examining the temporary 

overvoltage that may occur in the system. Using Eq (5.1), the value of UC can be calculated 

by taking TOV's value from the manufacturer's datasheet. It should be noted that the TOV 

value on the datasheet should be greater than the TOV at the substation arrester location if 

not Ur and UC are increased; in fact, the Ur, TOV, and UC are all link parameters, and careful 

analysis should be carried out when selecting these parameters. 

 

5.4.3 Nominal Discharge Current 

Another critical parameter to consider in the selection of lightning arresters to be used in the 

substation is the nominal discharge current. For the description of an arrester in IEC 

standards 60099-4, 60099-6, and 60099-88, the peak value of the lightning current impulse 

is used. Technically, it is determined from the normal maximum amplitude of the lightning 

current that can be expected in the substation for which insulation coordination is carried 

out through the lightning safety level of the arrester [66] [67].  

 

These values do not however, reveal anything explicitly about the operating characteristics 

of the arrester used to safeguard the substation. The actual purpose of knowing the nominal 

discharge current value is to identify various additional demands and test specifications, 

which depends on the class of arrester used in the substation equipment protection. The 

nominal discharge current can be used to calculate the lightning impulse protection level 

LIPL of lightning arrester. Having a sound knowledge of the LIPL allows for a complete 

evaluation of the lightning performance of transmission lines connected to substations [68] 

[69], it can be represented using In. 

 

5.4.4 Thermal energy rating 

The thermal energy rating is the energy that an arrester will dissolve without prompting any 

thermal runaway in a thermal recovery test. Thermal Rating as given by the manufacturer 

and tested using specific thermal recovery tests depending on the type of arrester intended 

for use in the substation, both station and distribution class arresters. For station class 
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arresters applied to systems with Us 52≥kV and coulombs for distribution class arresters 

rated US 52≤kV, the thermal energy level will be expressed in joules. Station class arresters 

with US rated below 52kV can be tested and rated in the same manner as ratings US ≥ 52kV. 

This parameter is represented as Wth. 

Having a sound knowledge of the above-measured parameters will allow for the right 

decision to be taken regarding the type of arrester to be used for the substation equipment 

protection at minimum cost and maximum efficiency, which is the primary goal of modern-

day engineering system protection. However, the selection of these various voltages, 

current, and energy parameters needed for the selection of lightning arrester is mainly 

dependent on whether the system is grounded or not; if the system is grounded, it is also 

essential to know the type of grounding employed. [69] [70] [71]. 

 5.4 Comparison of field test results with surveys results 
The Surveys indicated that the test conducted on lightning arresters in a substation resulted 

in nine failures out of twenty-seven arresters, one per substation. Also, the records indicated 

that during the testing period, weather conditions ranged from 1 °C to 10 °C in winter, and 

this poor weather had a massive impact on the outcome of the results. An area from 

Mpumalanga is frigid during winter and extremely hot during summer; hence, it is highly 

humid.  

The high humidity results in slow ionization of moisture on the internal part of an arrester, 

which affects an arrester's performance and ability to protect the system on a substation as 

moisture results in leakage current that causes premature failure to an arrester. Also, during 

frigid weather at high humidity, the rate of evaporation of water from the lightning arrester 

housing is slow, so when water is constantly contained in the lightning arrester, it reduces 

the arrester's life span. From the records, the captured information presented the below 

information:  

                                    

                           

 

 

 



63 
 

Table 5. 1: logarithmic values from field Survey 

       

 

 

 

 

 

 

 

 

From the above results displayed during the Survey, which were captured on the logbook 

inside the substation, other calculations time equivalent for an arrester an arrester operation 

and the cumulative percentage failure to indicate how long it took for an arrester to fail. 

 

    Table 5. 2: Calculated Surveyed results 

 

 

 

 

 

 

 

 

 

𝑡𝑡𝑖𝑖 (time to failure) (Failed arresters) 

14 2 

15 2 

16 3 

18 4 

19 4 

21 5 

23 6 

24 6 

26 7 

[𝒕𝒕(𝒆𝒆𝒆𝒆.𝟒𝟒𝟒𝟒°𝑪𝑪)]𝒊𝒊 𝑭𝑭(𝒊𝒊,𝒏𝒏) 

71,21 5,72 

76,29 5,72 

81,38 9,39 

91,55 13,06 

96,64 13,06 

106,8 16,73 

116,98 20,40 

122,07 20,40 

132,24 24,07 
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Using the results above, a graph was populated, it was obtained that the first lightning 

arrester failed at 71 hours while subjected at 100°C, which is lesser than the field test 

temperature 110°C; this implies that the cold weathers had an impact on the outcome of the 

results hence the time of failure was reduced from 101 to 71 hours. 

 

              

Figure 5. 2: Survey test results  

 

From the values of [𝑡𝑡(𝑒𝑒𝑒𝑒. 40°𝐶𝐶)]𝑖𝑖 and 𝐹𝐹(𝑖𝑖,𝑛𝑛) were taken from logbook from field Survey, 

the values of 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖 have been calculated and recorded in Table. 5.3. This calculation 

allows for proper analysis and comparison of results obtained from field Surveys and 

experimental analysis results as captured in chapter 3. During lightning arrester testing, the 

values of xi and yi are vital parameters to be considered when carrying out a degradation 

test on lightning arresters. 
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Table 5. 3: logarithmic value from Surveys 

   

 

 

 

 

 

 

 

 

The results above further calculations were carried out to get parameters for shape 

parameter( 𝛽𝛽), the intercept function ( c ), and the scale parameter 𝛼𝛼. 

Table 5. 4 Calculated Survey: (a) for parameter 1 (b) for parameter 2 

   

Table 5. 5: Field test: (a) for  parameters 1                  (b) for parameters 2 

                

 

As stated in chapter 3, the value shape parameter β in the Weibull distributions is β < 1, the 

failure rate decreases with time, indicating an early-life failure. There is a relatively constant 

failure rate of Weibull distributions with β near to or equal to 1, suggesting useful life or 

random failures. Weibull distributions with β > 1 have a failure rate that increases with time 

resulting in wear-out failures. From Table5.5, the value of the shape parameter gotten from 

the Survey report is observed to be less than 1, indicating an early life failure, which is also 

the case of experimental field result as captured in chapter 3. This further verifies the 

statement that lightning arresters installed in highly humid areas age faster than those 

installed in less humid areas, as captured in chapter 3 [101] [102]. 

𝒙𝒙𝒊𝒊 𝒚𝒚𝒊𝒊 

-2,83 4,27 

-2,83 4,33 

-2,32 4,40 

-1,97 4,52 

-1,97 4,57 

-1,70 4,67 

-1,48 4,76 

-1,48 4,80 

-1,29 4,88 

𝒙𝒙� 𝒚𝒚� 𝜸𝜸(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 𝒎𝒎(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 

0,12 -0,02 2,62 1,84 

𝒙𝒙� 𝒚𝒚� 𝜸𝜸(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 𝒎𝒎(𝒙𝒙𝒊𝒊,𝒚𝒚𝒊𝒊) 

-0,77 5,49 3,83 3,22 

𝛽𝛽 𝑐𝑐 𝛼𝛼 

0.31 7.96 2864.07 
𝛽𝛽 𝑐𝑐 𝛼𝛼 

0,54 8,24 3789.54 
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Now comparing the value of shape parameters for Survey report with experimental field 

result, it is observed that the value of shape parameter from field test result is less than the 

value calculated from Survey result as captured in Table 5.5 and Table 3.12. The reason for 

this difference in values is a result of the difference in the time of exposure of the arresters 

to the chosen test temperature. 

Conclusion 

To further verify the consistency of the results obtained from the field, the various 

maintenance and installation processes have been analyzed and discussed extensively. 

Conclusively, it has been observed that the rate at which lightning arresters degrades is 

mainly dependent on the humidity of the environment in which these arresters are installed. 

In highly humid areas, the rate of evaporation of water from the lightning arrester housing 

is slow, leading to water accumulating in the arrester housing for a more extended period. 

This accumulation causes the arrester to degrade. When the arrester is installed in less humid 

areas, the water that finds its way into the arrester housing evaporates quickly, thus 

providing an increased life span.  
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CHAPTER SIX  

                                                                                               
CONCLUSION  

 

The lightning arrester as an equipment that function during high voltage lightning and pulses 

has been studied as a by passer of surge current on the field. When the travelling waves 

produced by lightning hit the windings of the transformer, it causes considerable damage. 

The inductance of the windings then opposes any sudden passage of electricity charge 

through it. Therefore, the electric charges “piles up” against the transformer in the 

substation. This induces such an excessive pressure between the windings that the insulation 

may breakdown, resulting in the production of arc. Also, the travelling waves produced by 

lightning surges can shatter insulators and wreck poles. Whenever lightning strikes at any 

point in the network, it propagates from that point of incidence to other parts of the network. 

The propagation is such that the voltage surge magnitude increases as the voltage level 

decreases. This implies that consumer loads located at the low voltage levels will experience 

the highest effect of any lightning strike. Since the reliability of service delivery is largely 

dependent on the performance of this protective equipment, it is important for a proper 

analysis to be carried out on the safe working condition of this equipment which have been 

captured in this thesis as a guide for users of lightning arresters. 

From the experiment carried out to determine the effect of humidity on the ageing process 

of lightning arrester, it has been observed that environmental factor influences temperature 

which results in change in humidity condition. Humidity leads to moisture ingress resulting 

in the degradation of arresters installed in the substation. For the two cases of test condition 

captured in chapter three, a drop in temperature has been observed as a result of 

environmental factors. This affects the rate of evaporation of water that finds its way into 

the lightning arrester housing. 

The first case of test condition captured in chapter three presented a laboratory test set up 

where there is little or no change in humidity as a resulting of environmental factor. The low 

humidity of the laboratory allowed for an increase in the rate of evaporation of water that 

finds its way into to the lightning arrester housing. If the rate of evaporation of water is 
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slow, the time at which the unwanted water in the lightning arrester housing accumulate is 

increased. As the time of accumulation increase, the life span of the lightning arrester is 

reduced because of induced internal partial discharges in the lightning arrester. 

Considering the field test experiment set up, environmental factors increases the humidity 

leading to a reduction in the rate of evaporation of water from the housing of the arrester. 

For the test carried out in the laboratory, it has been observed that in a total sample of 18 

arresters, 7 arresters failed while 11 arresters survived. Comparing these values of failed 

and survived arresters, the field test set up produced a total of 10 failed samples and 8 

survived samples. It is observed that the failure rate is higher in the field experiment 

compared to the laboratory experiment. From the Weibull plots failure rates for both cases 

have been predicted with the use of parameters such as shape parameter and scale parameter.  

A condition of shape parameter less than 1 have been considered as an early life failure. 

Both test condition produced a shape parameter of less than 1, signifying early failure rate 

for both test cases. However, there is difference in the shape parameter for the two test 

condition. The shape Parameter for the field has been observed to be greater than the shape 

parameter of the laboratory test results. What this implies is that the lightning arresters tested 

in the field will fail earlier than those tested in the laboratory because as the shape parameter 

approaches 1 the failure rate increases. Since 0.31 is greater than 0.30 we can conclude that 

the field samples have a higher failure rate than the laboratory samples. Considering the 

scale parameters for the chosen cases the scale parameter for the field test have been 

observed to be less than that of the laboratory test condition, we can conclude that the 

arrester on field failed earlier than those tested in the laboratory even though both have early 

life failures. The number of failed and survived samples gotten from a survey of field visit 

has been compared with the experimental values of field and laboratory test values in 

chapter five and it is observed to be consistent with the experimental values captured in 

chapter three. 

Conclusively, to maximize factors like increased life span, efficiency and reliability, the 

type, selection criteria, maintenance, test and installation procedure for lightning arresters 

used for protection against over voltages in substation have been analyzed to serve as a 

guide for users of lightning arresters. 
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Future work of research  

With the introduction of internet of things IOT, there is a need for lightning arresters 

installed in substation for equipment protection against system over voltages to be smart 

enough to predict the moisture content in the arrester housing and send a signal to the 

substation control room via the internet so that the arrester will be replaced before it causes 

damage to the equipment it is protecting. Also, when an arrester is about to get to its useful 

life span, it is important that the time of failure should be known without visiting the site to 

check the arrester physically. 

The future work of this research involves designing a programmable arrester that can predict 

the level of moisture ingress that can cause damage or reduce the life span of the arrester 

and send signal to the substation control room over a network without carrying out any 

physical test on the installed arrester. 
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